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ABSTRACT 
This thesis describes research into Negative Impedance Converters (NIC) for antenna matching. There 
are many applications that require small wideband antennas, from mobile phones and devices which 
are being required to cover larger frequency bands to cognitive radios that are expected to operate 
within any frequency band with minimum reconfiguration. However there are fundamental limits on 
antennas such as the Chu-Harrington and Bode-Fano that restrict the available bandwidths obtainable 
from small antennas and antennas matched using conventional reactive elements that obey Foster’s 
theorem. However, non-Foster elements have been shown to provide wideband matching of antennas 
independent of frequency. Non-Foster elements can be realised using NICs.  
In this thesis, a non-Foster element is designed based on Linvill’s model. One of the drawbacks on 
NICs is stability and this has limited the top achievable frequency. A new stability analysis is 
developed and reported in this thesis, and it is shown that this makes it possible to predict correctly 
the frequency of oscillation.  It also leads to the development of a means via which stable NICs can be 
developed for any frequency range, which is demonstrated in the thesis. With the aid of the new 
stability analysis, a 1.5GHz NIC prototype is developed, operating up to 15 GHz, which is the highest 
frequency reported to date. Its performance in terms of noise and linearity are also characterised. 
Another novel NIC schematic is also introduced in the thesis; it makes use of a single transistor and a 
pair of coupled lines. Because of its use of a single transistor, stability is less critical and hence it is 
able to achieve a working frequency of 6GHz. It is also characterised for noise and linearity and its 
performance compared with the NIC based on Linvill’s model. Reducing the stability concern makes 
it possible for the coupled line NIC to be integrated into a monopole. The experimental prototype 
described in the thesis shows the expected performance in terms of wideband matching at much lower 
frequency without loss of performance in gain. System implications of using NICs within an antenna 
system are also discussed. 
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CHAPTER 1 
INTRODUCTION 
1.1 Background 
There is a relationship between antenna size and the realisable bandwidth as defined by the 
Chu limits in [1]. The Chu limit gives the relationship between the radius of the circle that 
completely circumscribes an antenna and the Q of the antenna. However, McLean in [2] 
redefined how the Q of an antenna should be calculated, this is given in eq. 1.1.  
𝑄 =  1(𝑘3𝑎3) +  1(𝑘𝑎) 
 
(1.1) 
Where k is the wave number and a is the radius of a sphere that completely circumscribes the 
antenna as shown in Fig.1.1. 
McLean’s equation is a derivation from the original Chu Limits equations. There has also 
been a lot of research into means of improving the gain of an antenna through the use of 
matching networks but this is also bounded by the Harrington limits [3] on antenna as given 
in 
  G = (ka)2 +  2ka (1.2) 
2 
 
 
Fig.1 1 Antenna dimensioning using Chu’s Limit 
 
The Chu limit can be related to the antenna bandwidth by rewriting the Q of the antenna as 
shown in equation 1.3 
𝑄 =  𝑓𝑐
∆𝑓
=  1
�𝑘3𝑎3� +  1(𝑘𝑎) 1.3 
Where fc is the antenna centre frequency at resonance and Δf is the bandwidth if the antenna. 
Comparing equation 1.1 with equation 1.3, it can be seen that reducing the radius of the 
sphere which translates to a physical reduction in the antenna size, the antenna bandwidth 
also reduces. The reducing in size means that the antenna radiation resistance also reduces 
and this in turn leads to a reduction the antenna efficiency. From eq. 1.2, it is clear that 
antenna gain is also proportional to the antenna size (a). 
These two fundamental limits on antenna make it tough to have a small antenna with a low Q 
(wideband). However, there are existing and future applications that requires the use of 
wideband small antenna. These fundamental limits were defined for Foster elements but with 
the use of non-Foster elements as would be shown and discussed later in this thesis, it is 
possible to overcome these limitations. 
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1.1.1 Mobile phones – need for small antennas 
Current mobile phones are required to work over increasingly large frequency bands from 
470MHz to 2.4GHz covering a host of communications standards such as DVB-H, GSM 900, 
1800, Wi-Fi, Bluetooth etc. There is also the size constraint in mobile devices which 
necessitates the use of small antennas and where possible the smallest number of antennas in 
a particular device to cover as much bandwidth as possible. With the current trends, it has 
been suggested that future mobile devices could have as many as 20 different antennas to 
cover the different required bands [4]. Prior methods for covering the increasing number of 
frequency bands include either the use of different antennas to cover the individual bands or a 
single antenna made reconfigurable with different matching networks like [5-6]. Manteuffel 
and Arnold in [6] used 17 different matching networks to match an antenna between 0.1GHz 
to 2.5GHz. The multiple matching networks however provide narrow instantaneous 
bandwidths. A better solution would be to have a small antenna which can cover these wide 
bandwidths and the transceiver frontend can then be made reconfigurable or be the ultimate 
software defined radio (SDR). SDRs are seen as a practical version of the Software radio 
(SR) first proposed by Mitola in [7]. His ideal SR would not include any analogue frontend 
component but will ultimately have the antenna and an Analogue to Digital Converter (ADC) 
in the receive chain and the transmit chain would consist of the Digital to Analogue 
Converter (DAC) and power amplifiers (PA) as shown in Fig.1.2. This meant that RF signals 
would have to be digitized without any down conversion. Digitizing at RF poses a high 
demand on the ADC therefore there is a need for some analogue signal processing such as 
down conversion from RF to baseband and some form of reconfigurable filtering [8]. 
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D
S
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Fig.1.2 Software radio as envisioned by Mitola [6,8] 
 
 
1.1.2 Cognitive radio – need for small antennas 
Cognitive Radios (CR) resulted from an FCC frequency survey carried out between 30MHz 
and 3000MHz. This survey showed that within the licensed frequency bands, the spectrum 
was underutilised whereas the unlicensed bands showed high utilisation [9]. Therefore it was 
proposed to have transceivers which would opportunistically use these underutilised licensed 
frequency bands but will not cause harmful interference to the licensed user also referred to 
as Primary user (PU). In [10], a CR node is described as a wireless device that was aware of 
its surrounding and can adjust its operating parameters autonomously. In [8, 11], CR nodes 
are described as Software defined radio (SDR) that can additionally sense their environment. 
A block architecture of what a CR transceiver should look like is shown in Fig.1.3 [14]. The 
CR architecture shows two chains, the spectrum sensing chain and the transceiver chain. One 
of the primary requirements of CR is not to cause harmful interference to the PU. The 
Wireless Regional Area Network (IEEE 802.22) specifies that a CR node would  need to 
detect the PU within two seconds of the PU becoming active [9].  
Duplexer 
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Fig.1.3 Cognitive Radio architecture [14] 
 
From the definitions and requirements of CR nodes, it is clear that one of the key 
requirements is spectrum sensing. There have been numerous suggestions about how to 
perform spectrum sensing. One of the methods suggested involves all nodes performing 
spectrum sensing individually and then pooling the results together in a central node, which 
then redistributes the spectrum availability within the CR network [12]. This method requires 
extra complexities within the CR nodes as there is a need to either employ a stop and search 
mechanism or have a dedicated spectrum sensing chain. Ref [13] suggests spectrum sensing 
being performed by CR nodes not actively involved in communications but this could 
breakdown when all the nodes within the network becomes active. Alternatively, the central 
node could be the only node with spectrum sensing ability and other nodes relying on it for 
spectrum availability information [12]. This is a good solution but there is a higher possibility 
of interference with PU users because of the hidden terminal problem. The hidden terminal 
problem occurs when a terminal is visible from a wireless access point (AP), but not from 
other terminal communicating with that AP. This leads to difficulties in media access control 
and can also leads to interference between the two nodes. Therefore, there is still a need for 
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spectrum sensing being performed by individual terminals to avoid the hidden terminal 
problem and for CR nodes in ad hoc networks with no central node [12]. 
To perform spectrum sensing, wideband antennas are preferred because they give the ability 
to utilise the advances made in Digital Signal Processing (DSP) with concurrent baseband 
signal processing. Also the current social trend lends credence to the fact that CR nodes 
would ultimately be mobile and handheld hence they would also require small broadband 
antenna to function optimally. Therefore in Cognitive radio networks, there is definitely a 
great need for small wideband antennas. 
 
1.2 Objectives 
The objective of this research is to investigate means of achieving broad band small antennas 
for use either in mobile devices or in mobile cognitive radio nodes. Because these mobile 
devices are to operate over a wide frequency range, there is a need to have the matching 
networks operate over a wide frequency with high frequency cut-off points. CR nodes are 
known to be frequency nomadic therefore they do not benefit from frequency planning, hence 
they need highly linear CR nodes. With linearity a major challenge for CR nodes [14], the 
linearity of matching networks is important as these nodes would have to operate adjacent to 
other signals and not to cause any harmful interference as well as being immune to other 
signals.  
 
1.3 Layout 
The thesis consists of nine relatively short chapters. Overviews of the content of the chapters 
are given below. Chapter 1 contains the introduction and motivations for the research and the 
7 
 
need for small broadband antennas. It is also states the fundamental limitations of the small 
antennas and how this impacts on the state of antenna design. Chapter 2 contains a literature 
review into antenna matching, the use and limitation of passive antenna matching. It also 
highlights the use of non-Foster elements based matching networks, how these elements are 
realised using Negative Impedance Converters (NIC), the theory behind the NIC and the 
major limitation of the NIC which is stability. It also reviews the prior work into NICs and 
non-Foster matching network. Chapters 3, 4 and 5 present original simulation, design and 
measurement work to demonstrate and access: the potential of NICs achieved using the 
Linvill’s two transistor schematic; the stability problems associated with the schematic; a new 
stability analysis method which can predict the oscillations in the Linvill’s schematic and 
how the analysis helps in the design of stable NIC circuits. It also shows a realised Linvill’s 
NIC prototype with the highest reported top frequency. Linearity and noise measurements 
were performed on this prototype. A new NIC circuit schematic is introduced in chapter 6, it 
makes use of a pair of coupled lines along with a transistor to realise an NIC. A stability 
analysis was done on the NIC. This NIC prototype was fully characterised with noise and 
linearity measurements. Because it is more stable when compared to the Linvill NIC and its 
layout design is simpler, it was possible to integrate it with an antenna. This NIC and antenna 
integration is described in chapter 7. The NIC matched antenna is compared with passively 
matching the same antenna and the antenna itself and it can be seen that the NIC matched 
antenna performs better than the alternatives without adverse effect on the gain. Chapter 8 
described the possible means of integrating the NIC based matching network into a 
transceiver front end highlighting the different requirements and suggesting possible 
solutions. Chapter 9 has the conclusions of the thesis and the future work plans. 
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Chapter 2 
LITERATURE REVIEW 
2.1.  Background 
In recent years, the use of a matching network to resonate an antenna has become common 
practice. These matching networks usually involve the use of passive elements to resonate the 
antenna’s reactive part. These passive elements are usually capacitors or inductors depending 
on whether the antenna is capacitive or inductive. Using these elements always results in 
narrow matched bandwidths. An example of an attempt to match an antenna passively is 
described in [1]. It had an antenna made up of coupling elements used to excite a PCB as 
shown in Fig.2.1. This PCB can act as the chassis of a mobile device and it uses different 
matching networks to optimize the coupling at different frequencies. The location of the 
matching network is also shown in Fig.2.1. To improve the total efficiency of the antenna 
beyond the estimated minimum requirement for different applications, 17 different matching 
networks were used to match the antenna between 0.1GHz and 2.5GHz. Figure.2.2 shows the 
antenna efficiency at the frequency bands and compares it to what is obtainable by the 
antenna itself without the different matching networks. This shows that the matched antenna 
not only require multiple matching networks but also requires the use of either tuneable 
elements and or switches within the antenna. The instantaneous bandwidths available are also 
very small as can be seen in Fig.2.2.  
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Fig.2. 1 Antenna schematic with reconfigurable tuning matching network [1] 
 
Fig.2.2 Total efficiency of antenna in Fig.2.1 with different matching networks compared 
with antenna alone and estimated minimum efficiency for different standards [1] 
 
Ref [2-3], describes a two-port chassis antenna which has been matched on either or both of 
its two ports with passive matching networks. With switchable or tuneable passive matching 
networks, only small instantaneous bandwidths are achievable especially at the lower end of 
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the frequency bands as shown in Fig.2.3. The exact matched instantaneous bandwidths are 
not given in the paper but by observation, the matched bandwidths are very narrow. To cover 
between 0.7GHz to 3GHz, multiple matching networks or tuneable matching networks are 
required.  
 
Fig.2.3 Simulated antenna return loss of chassis antenna using tuneable matching network [3] 
 
Alternative means of achieving broadband matching uses active devices and the co–design of 
the antenna and the RF-front end. The usual method is to connect the antenna and frontend 
through 50Ω ports. This procedure usually requires the use of multiple matching networks in 
both the antenna and frontend. In the co-design methodology however, the antenna 
impedance is matched directly to the input impedance of the LNA. This not only relaxes the 
matching constraints but also reduces the component count of the overall matching network 
and achieves a better power transfer. Reference [4] describes an example of an antenna-LNA 
co-design as shown in Fig.2.4. In this work two LNAs are designed. One of which is matched 
to 50Ω with passive elements and another which has been co-designed with an antenna. In 
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both cases, the transistors and bias conditions are the same. The LNAs are designed for 
operation between 3.1GHz to 5.1GHz. The antenna in this work is a printed triangular 
monopole. Figure.2.5 shows the performance comparison between the co-designed antenna 
and LNA against the standard 50Ω method. It can be seen that the gain of the co-designed 
antenna is better by at least 7dB. Although this paper has only published simulated results, 
however, it shows the potential of using active matching networks to improve the maximum 
power transfer. Other examples using this method of active matching can be found in [5-6]. 
GTumax is the unilateral transducer gain for a two port device, the second port this case is a 
wideband antenna in the far-field. 
                                                                                                                                                                                                                                                       
Fig.2. 4 Triangular monopole antenna schematic [4] 
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Fig.2. 5 Power gain and GTumax for 50 ohms and co-designed antenna RF frontend 
configuration [4] 
GTumax shown in Fig. 2.5 is the maximum transducer unilateral gain of a two port network.  
GT,max =  �S21S12� �K −  �(K2 −  1)�  
Where K is the stability K-factor. 
However, this method has some flaws, one of which is that the antenna becomes non- 
reciprocal. Another is that almost in all cases the return loss of the co-designed antenna is                                                                                                                                                                                                                                                                                                                                                                                                                                                              
always worse than that which is obtainable with the standard 50Ω connections. 
Figure.2.6 indicates why passive matching networks are only able to cancel the reactance of 
an antenna over a narrow frequency band. Passive elements have Foster properties as the 
Foster theorem states that the reactance of a passive lossless network increases monotonically 
with frequency [7]. Therefore to cancel the capacitive reactance of an antenna would require 
an inductor and a capacitor to cancel the inductive reactance of an antenna, Fig.2.6a. 
However, if there is an element whose reactance decreases with frequency, it would be 
possible to cancel the reactance of any element or antenna completely as shown in Fig.2.6b. 
These elements are non-Foster elements and they are usually negative capacitors or negative 
inductors.    
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(a)                                                       (b) 
Fig.2. 6 (a) Conventional matching (b) vs non-Foster matching [8] 
 
2.2. Non-Foster matching  
Reference [9] gives a comparison between matching an antenna passively and matching using 
non-Foster elements. The antenna is a cylindrical monopole mounted on an infinite ground 
plane which is 0.6m long and 0.01m diameter. It is operational between 30MHz to 90MHz. 
The input impedance of the antenna was simulated using Antenna Model®[9].  
Using an L – shaped matching network consisting of two inductors 477nH and 51.9nH, it was 
possible to obtain a perfect match at 60MHz. To compute the radiation efficiency of the 
passively matched antenna, a two-port model representation of the antenna was developed 
[9]. In the two-port model the antenna input impedance Za is given as  
Za =  Ra + jXa =  Rr + Rl + jXa (2.1) 
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 Where Rr and Rl are radiation and loss resistances respectively and jXa is the antenna 
reactance. The radiation resistance, Rr, is then represented by a transformer which transforms 
the radiation resistance to a 50Ω system impedance (Z0). The turns ratio, N, of the 
transformer is given in equation 2.2. The equivalent two port representation of the antenna is 
shown in Fig.2.7. It should be noted that this representation is only valid at a single 
frequency.  
N =  �RrZ0 (2.2) 
 
 
Fig.2. 7 Two port representation of an antenna [9] 
 
Using the two port representation shown in Fig.2.7, the simulated return loss and total 
efficiency of the antenna when passively matched is shown in Fig.2.8. At 60MHz, where the 
antenna is matched, the efficiency peaks at approximately 80% but outside this frequency, the 
efficiency of the antenna drops rapidly with a 3dB bandwidth of just 3MHz. Using the 
equivalent circuit, the reactive part of the antenna can be cancelled by negating the reactive 
elements in the antenna equivalent circuit using a series combination of -8.657pF and -
234.17nH. It was possible to match the antenna completely between 36MHz to 90MHz as 
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shown in Fig.2.9 with a total efficiency of better than 95% across the matched frequency 
band. This shows a better efficiency bandwidth product than obtained with Foster matching 
alone. This comparison amongst others like [10] highlights the potential of non-Foster 
elements in obtaining wideband matching without degrading the antenna efficiency. 
 
Fig.2. 8 Return loss and total antenna efficiency of the passively matched antenna [9] 
 
Fig.2. 9 Return loss and total antenna efficiency of the non-Foster matched antenna [9] 
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2.3. Negative Impedance Converter 
The previous section (2.2) showed the potential of non-Foster elements. These elements are 
however not available in reality. To realise a non-Foster element, a Negative Impedance 
Converter (NIC) is required. 
The idea of using negative impedance converters for realising non-Foster elements with a 
transistor was first shown by Linvill [11] in 1953. Non-Foster elements had been used within 
the telephone networks to generate negative impedance repeaters but these NICs used 
vacuum tubes [11-12]. These designs were limited by the bulkiness and relatively short life-
cycle associated with vacuum tubes. They were also not rugged and deteriorated rapidly with 
age. The ideal Linvill NIC had a conversion factor of between -0.9 to -0.98 and this 
conversion factor is dependent on the alpha (α, current gain) of the transistors.  
The Linvill NIC consists of two transistors connected as shown in Fig.2.10. There exist 
feedback connections between the two transistors. The base of transistor 1 is connected to the 
collector of transistor 2 and the base of transistor 2 is connected to the base of transistor 1. 
The impedance to invert (Zload) is connected between the two collector terminals which in this 
case are the two 510Ω resistors. When Fig.2.10 is considered, then the voltage from the 
emitter of transistor 1 is presented at point B via the feedback connection between the two 
transistors. The same rule applies to the voltage at the emitter of transistor 2 which is 
presented at point A. Computing the impedance seen across the two emitter terminals, Z, 
would give a negative fraction of the impedance connected between the two feedback paths, 
Zload.  
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Z =  −γZload 
Fig.2.10 Linvill’s Negative Impedance Converter [9, 11] 
 
2.3.1. Theory of NICs 
Linvill in [11] gives a schematic by which the analysis of the NIC can be done. The two 
junction transistors are represented by the emitter and base terminal resistances, re, rb and the 
collector is represented by a current dependent current source in parallel with the collector 
resistance rc (T- model of a transistor shown in Fig.2.11a). The dc blocking capacitor required 
on the feedback path is represented by Zd and the base current setting resistances are 
represented by Zg. Using this schematic, shown in Fig.2.11b, it is possible to prove the 
impedance inversion analytically. 
 
Transistor 2 B 
A 
Transistor 1 
Z load 
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(b) 
Fig.2. 11 (a) The T- model of a transistor (b)Equivalent circuit of the Linvill’s NIC [11] 
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V2 =  V1 −  I1re (2.3) 
 V3 =  V2 −  (1−∝)I1rb (2.4) 
 Substituting equation 2.3 into 2.4  
V3 =  V1 −  I1re −  (1−∝)I1rb (2.5) 
 
V4 =  reI1 + (1−∝)I1rb (2.6) 
 
I2 =  V2 −  V42Zg  (2.7) 
Therefore, 
I2 =  V1 − 2I1re −  2(1−∝)I1rb2Zg  (2.8) 
 
I3 = (1−∝)I1 −  I2 (2.9) 
 
I3 = (1−∝)I1 −  V1 − 2I1re − 2(1−∝)I1rb2Zg  (2.10) 
 
I4 =  V4 + I3Zd − (V3 − I3Zd)ZA  (2.11) 
And also 
I4 =∝ I1 − I3 (2.12) 
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Equating equations 2.11 and 2.12 
V4 + 2I3Zd − V3 =∝ I1ZA −  ZAI3 (2.13) 
 
then 
V4 −  V3 +  (2Zd + ZA)I3 =∝ I1ZA (2.14) 
 
Substituting the variables, 
reI1 + ( 1− ∝)I1rb −  V1 + I1re +  (1− ∝)I1rb +  (2Zd +  ZA)(1− ∝)I1
−  2Zd + ZA2Zg (V1 −  2I1re − 2(1− ∝)I1rb) = ∝ I1ZA (2.15) 
Then 
I1 �re + (1− ∝)rb +  re + (1− ∝)rb  + (2Zd + ZA)(1− ∝)
+  �2Zd + ZAZg � re +  �2Zd + ZAZg � (1− ∝)rb− ∝ ZA�
=  V1 �1 +  2Zd + ZA2Zg � 
(2.16) 
 
I1 �2re + 2(1− ∝)rb + 2Zd + ZAZg �(1− ∝)Zg + re + (1− ∝)rb�− 
∝ ZA� =  V1 �2Zg +  2Zd +  ZA2Zg � 
(2.17) 
 
Then 
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V1I1
=  2re + 2(1−∝)rb + 2Zd +  ZAZg �(1− ∝)Zg + re +  (1− ∝)rb�− ∝ ZA1 + 2Zd +  ZA2Zg  
(2.18) 
 
 
V1I1 =  2re +  2(1− ∝)rb +  2(2Zd + ZA)(1−∝)Zg2Zg + 2Zd + ZA −  2 ∝ ZAZg2Zg + 2Zd + ZA (2.19) 
 
When Zd = 0  
V1I1 =  2re +  2(1− ∝)rb +  2ZAZg(1− ∝)2Zg +  ZA − 2 ∝ ZAZg2Zg + ZA (2.20) 
 
V1I1 =  2re +  2(1− ∝)rb + ZN(1 − 2 ∝) (2.21) 
 
Where ZN =  
2ZA(Zd+ Zg)
2Zd+2Zg+ZA
 
 
2.4. Realisations of Negative Impedance Converters 
There have been a number of attempts to demonstrate the use of NICs and non-Foster 
elements in providing broadband matching. These can be broadly divided into two; previous 
works that have shown demonstrations of non-Foster elements for matching antennas in 
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simulations only and work that has shown the potential of non-Foster elements and also 
shown and demonstrated prototypes. 
Reference [13] shows the use of non-Foster elements to match an antenna. The authors 
introduced an additional port into the antenna. The port was added in order to have a point via 
which input impedance of the antenna can be controlled with the appropriate addition of 
loads to the second port to help improve the real part of the antenna and bring it closer to the 
system impedance and as well as giving an opportunity to include non-Foster elements into 
the antenna which would help bring the reactive part of the antenna close to zero. It was 
expected that these two actions would inevitably result in a wideband antenna with better 
efficiency especially at lower frequency ranges.  
This was applied to a 6 inch loop antenna as shown in Fig.2.12 which is resonant at 690MHz 
(red curve in Fig.2.12), below this frequency the real part of antenna impedance is low. It has 
10dB return loss bandwidth of 60MHz and a 6dB return loss bandwidth of 120MHz. A non-
Foster element based matching network, which consisted of -1.2pF capacitor and -27nH 
inductor, was added in series and there was an improvement in the 6dB simulated return loss 
bandwidth from 120MHz to 400MHz between 450MHz to 850MHz and 10dB return loss 
bandwidth increase of 120MHz from 60MHz to 180MHz. The non-Foster elements have 
been able to improve the match of the antenna lower than its original resonant frequency. 
This work however showed only simulated results of the antenna return loss and does not 
show any result for antenna efficiency or gain. 
25 
 
 
Fig.2. 12 Matched input return loss comparison between the unmatched antenna and the 
antenna matched with non-Foster network. [13]  
 
Reference [14], showed the prospects of improving the matched bandwidth of a meta-
material antenna. The meta-material antenna is compact, multi-frequency but has a high Q. 
Its high Q can be attributed to the composite right left hand (CRLH) transmission lines that 
make-up the antenna. The antenna in this case is a microstrip patch partially filled with left-
handed structures (Fig.2.13) and it has multiple resonances at 1GHz, 1.5GHz and 2GHz as 
shown by its return loss in Fig.2.14. The figure also shows that the antenna has low 
instantaneous bandwidths when resonant. Simulating an equivalent circuit of the antenna, it 
was possible to determine the values of the negative elements required to match the antenna. 
Though the values of the elements in the non-Foster matching network were not given in the 
paper, it showed that by introducing an NIC at the output of the antenna, the NIC would 
match the antenna at a lower frequency; 807MHz with a 10dB return loss bandwidth of 
approximately 400MHz (Fig.2.15). It also stated that one of the challenges of a practical NIC 
was its stability which is a direct result of the parasitic which are worse at higher frequencies. 
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Fig.2. 13 Antenna partially filled with LH structures [14] 
 
 
Fig.2. 14 Return loss of the multi frequency antenna [14] 
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Fig.2. 15 Return loss of the antenna matched with NIC [14] 
 
Another example of an antenna matched with non-Foster element realised using NIC is 
described in [15]. In this paper, a three inch monopole was mounted on a 9 in2 square ground 
plane. The simulated antenna input impedance plot is shown in Fig.2.16. From Fig.2.16 it is 
clear that the antenna is not matched anywhere between 1MHz and 1000MHz. Before the 
first series resonance of the antenna, the antenna can be seen to be highly capacitive and 
hence it is possible to cancel the reactive part of the antenna by having a matching network 
which consists of a negative capacitance in series with the antenna.  
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Fig.2. 16 Antenna impedance plot of the 3in monopole [15] 
 
 Figure 2.17 shows the net reactance of the NIC matched antenna, it is clear that the antenna 
with non-Foster matching has a lower reactance when compared with the antenna alone. Its 
reactance is also almost zero between 350MHz and 600MHz. Fig.2.18 shows the simulated 
transducer gain of the antenna with and without non-Foster matching network and it can be 
seen that there is gain improvement between 50MHz to 650MHz. If the gain plot in Fig. 2.18 
is compared with the impedance plot in Fig.2.17, it would be seen that the gain improvement 
occurs when the addition of non-Foster elements causes a change in the reactance of the 
matched antenna. The antenna described has been fabricated and the antenna gain 
improvement trend simulated has been confirmed though the maximum gain improvement 
with the non-Foster matching network is 6dB. The authors also pointed out the need to 
perform a signal to noise ratio (SNR) measurement as this is an important performance 
parameter for receiving antennas. The effects of noise from the active devices and the 
associated non-linearity have not been quantified. 
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Fig.2. 17 Input reactance comparison between the antenna alone and antenna with non-Foster 
matching [15] 
 
Fig.2.18 Transducer gain improvement of the antenna with non-Foster matching [15] 
 
Sussman-Fort in [8] described a fabricated NIC and performed some measurement on the 
prototype, including the SNR measurement.  During the initial work, a six inch monopole is 
matched using a series non-Foster element realised with the Linvill architecture using a SiGe 
BJT transistor. The element is connected in series with the antenna. Using a transmitter set to 
broadcast between 20MHz to 100MHz, the gain advantage of an NIC matched antenna is 
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compared to what is obtainable with the antenna alone when connected to an 8dB noise 
figure receiver. The noise added due to the NIC matched antenna is also compared with that 
due to the antenna alone. In the case of the receiver, the noise level recorded by the spectrum 
analyser is due to the environmental noise and the noise of the analyser while with the NIC 
matched antenna, the recorded noise by the spectrum analyser is a combination of the 
environmental noise, the noise of the spectrum analyser and the noise due to the non-Foster 
circuit. Therefore, the SNR advantage of the NIC matched antenna over the antenna alone is 
given by equation (2.22) and shown in Fig.2.19. Figure.2.19 shows a maximum SNR 
improvement of approximately 9dB at 30MHz with the NIC. The reduction in SNR 
improvement with frequency can be attributed to the fact that the difference between the 
simulated transducer gain of the antenna alone and the antenna with NIC is reducing with 
frequency as can be deduced from Fig.2.20. 
 SNRadv = Gainadv −  Noise adv (2.22) 
 
 
 
Fig.2. 19 Improvement in SNR of the NIC matched antenna over the antenna alone [8] 
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Figure.2.20 shows the simulated transducer gain comparison between the antenna alone, the 
antenna matched with non-Foster matching and with different matching passive matching 
networks. It is clear that passive matching out-performs the antenna without matching but 
only within given frequency bands, and outside these bands, the antenna by itself is often a 
better option. However, the non-Foster matched antenna performs fairly well across the entire 
frequency band and in some case out performs the passively matched antenna except at 
higher frequencies where the antenna is almost resonant due to its end loading.   
 
 
Fig.2. 20 Simulated S21 comparison between passive , non-Foster and no matching [8] 
 
A 12 inch dipole was also matched using an NIC based matching network. The SNR 
performance of this antenna was compared with a 12 inch lossy matched blade antenna. 
Figure.2.21 shows the measured SNR advantage of the NIC matched antenna over the lossy 
blade equivalent. The measurement setup is similar to that used for the 6 inch monopole 
characterisation. It was observed that there is at least a 10dB advantage with using the NIC 
matched antenna over using the lossy blade antenna. This enhanced SNR advantage is very 
useful in the overall system architecture especially when it is used in the receive mode. The 6 
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inch antenna and the 12 inch dipole had top frequencies of 220MHz and 120MHz, 
respectively. The notches at 28MHz and 63MHz in Fig.2.21 were attributed to noise spikes 
from other transmitters within the antenna range. This paper showed the advantages of using 
NIC to match an antenna; it is also the first publication to show the effect of noise from the 
active devices with the SNR measurements but did not show any results for linearity and also 
has a top frequency of 220MHz. 
 
 
Fig.2. 21 Measured SNR advantage of NIC matched antenna over lossy matched blade [8] 
 
Ref [16]  is another paper that tries to apply NIC to meta-materials. Though the paper has the 
term meta-material and the initial parts of the paper allude to applying NIC to meta-material 
antenna, the eventual application was a loop antenna. The NIC was designed using the one 
port equivalent of the Linvill’s NIC, the schematic is shown in Fig.2.22.  
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Fig.2. 22 A modified one port Linvill NIC schematic [16] 
 
The element to invert is a capacitor, Zl and the transistors are FETs. When compared to the 
Linvill NIC, the second port of the standard Linvill circuit has been grounded. The prototype 
of the NIC is shown in Fig.2.23. Measured and simulated results of the NIC are shown in 
Fig.2.24. It can be seen that the inverted reactance is consistent with a -60nH inductor 
especially at lower frequencies (up to 40MHz). 
 
 
Fig.2. 23 The fabricated single port NIC [16] 
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Fig.2. 24 The simulated and measured impedance plots of the modified one port NIC [16] 
 
The built NIC was used as load on a simple small loop antenna. The antenna is made of a 
2mm diameter copper wire formed into a 50mm diameter loop and this forms an active 
replica of a split ring resonator (SRR). An additional positive capacitor was connected in 
parallel with the inductor in order to achieve the MNZ (mu-near-zero: when the permeability 
is near zero) behaviour. This active SRR was put between two loops connected to a network 
analyser and its transmission coefficient was measured. The measured S21 is shown in 
Fig.2.25 and compared to similar antenna loaded with a 140pF capacitor.  
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Fig.2. 25 Measured S21 of the loop load in capacitor (solid line) and the negative inductance 
(dashed line) [16] 
 
Fig.2.25 shows he measured S21 of the antenna loaded with a capacitor, the units on the 
frequency axis is labelled in GHz but within the literature and in other results, it is clear that 
this is a typographical error and it should have read MHz. Therefore, when referring to this 
graph, the units shall be assumed to be in MHz. From Fig.2.25, it is clear that the S21 of the 
antenna loaded with 140pF capacitor does have a higher peak S21 at 50MHz but this degrades 
rapidly outside this frequency point. The antenna loaded with a negative inductance however 
does perform better over the entire frequency band except at 50MHz. This paper however 
does not discuss or show any results for noise and linearity; neither does it fully explain how 
an inverted capacitor leads to a negative inductance. Also the title maybe misleading as the 
eventual and demonstrated application was not a meta-material antenna as the title suggested. 
This paper therefore does not show any improvement on the results shown in [8].  
Ref [17] also shows a prototype antenna with an integrated NIC. The paper alluded to the fact 
that the antenna was meta-material inspired because of the reactive loading. This paper is a 
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follow on from an initial publication [18] from one of the authors where a dual band 
monopole was realised. The monopole by itself is resonant between 5.15 – 5.80GHz but 
when loaded with inductors and capacitors, it can also be made resonant between 2.40 – 
2.48GHz. The capacitor was realised as an inter-digital capacitor. A T shape slot is also cut 
into the monopole and it is this slot that is primarily responsible for the lower frequency 
resonance. For the purpose of integration with an NIC, the antenna was redesigned for 
300MHz and some modifications were made to allow for embedding active circuit’s 
requirements such as DC bias as depicted in Fig.2.26b while its original size and dimensions 
are also shown in Fig.2.26a. Another reason the authors gave for scaling down was because it 
relaxes the design requirements of the NIC which shows the difficult in realising NICs at 
high frequencies.  
 
(a)                                          (b) 
Fig.2. 26 Antenna schematic, (a) shows original dimensions for Wi-Fi and (b) shows scaled 
version [17] 
 
In the scaled version of the antenna, the capacitor is replaced with non-Foster elements Lnf 
and Cnf. With the non-Foster elements, it was possible to match the antenna continuously 
between 280MHz and 450MHz. The antenna return loss was sensitive to the values of Lnf and 
Cnf, therefore it was decided in the implementation to use a trimmer capacitor during the 
37 
 
fabrication process for extra control and flexibility. The integrated antenna and NIC is shown 
in Fig.2.27. The NIC integrated antenna was achieved on two layers with the active elements 
on the top side of the antenna and the trimmer capacitor on the bottom layer. The measured 
matched bandwidth of the prototype at different Cnf values is shown in Fig.2.28. It can be 
seen that the 10dB return loss bandwidth is much smaller (20MHz, 30MHz and 40MHz) than 
the simulated return loss bandwidth of 170MHz, though the matched bandwidths are still 
larger than was is obtainable with Foster matching. The authors believe that the reduced 
return loss bandwidths are due to the interaction between the antenna resonance and the 
frequency dependence of the non-Foster elements. It can also be noted that the magnitude of 
S11 is greater than 0dB at frequencies below the operation ranges, the authors however 
believe this would not result in instabilities. Though this paper demonstrated integration 
between an antenna and the NIC, however, measurements on gain, noise and linearity were 
not reported. There is also a remarkable difference between the expected simulated results 
and the measured results shown. The use of the term meta-material is not clearly justified as 
there are examples of antennas loaded with reactive elements which are not meta-material. It 
is also not clear the need and use for the T shaped slot in the antenna at this frequency 
because in the initial publication this was used to make the antenna dual band. It is however 
very simple and planar and this makes it easy to incorporate with the RF frontend. 
 
Fig.2. 27 Fabricated NIC matched antenna showing both the top and bottom views [17] 
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Fig.2. 28 Measured antenna return loss at different capacitance [17] 
 
Another example of an NIC implementation with complete integration with an antenna can 
be found in [19]. Here the authors describe a non-Foster circuit (NFC) which is based on the 
Linvill architecture. Because of the instability associated with non-Foster elements, a 3pF 
fixed capacitor was included between the NIC and the measurement ports as shown in 
Fig.2.29. This is to ensure a net positive reactance at the measurement ports. Also because of 
the frequency variation of the capacitance obtainable from the NIC, a varactor was included 
in parallel with the NIC (Fig.2.30) for additional control on the overall capacitance seen at 
the two measurement ports. 
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(a)             (b) 
Fig.2.29. (a) NIC circuity and (b) Fabricated NIC prototype circuit [19] 
 
The NIC circuit is shown in Fig.2.30 and transistors Q1 and Q2 are the two transistors used in 
the NIC. They are biased at 15V, 10mA. The transistors Q3 and Q4 form part of the active 
biasing network. In order to reduce the possibility of oscillation from the resonant circuit that 
would occur if an RF choke inductor was used as part of the biasing network, high value 
resistors, RCC2 were used to set the voltage at the collector of transistors Q1 and Q2. The 
elements to invert are the 4.7pF capacitor and 45.4Ω resistor.  
 
Fig.2. 30 Schematic of the non-Foster circuit [19] 
 
Figure 2.31 shows the measured S11 and S21 of Fig.2.29(b) at different bias voltages and that 
of a fixed 3pF capacitor. It is clear that the S21 through the NIC is improved by 22dB between 
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1 – 10MHz whereas between 10MHz and 100MHz, the improvement is bias voltage 
dependent. The peak in S11 is also noted and this indicates the presence of a net negative 
resistance.  This NIC has also been incorporated into an antenna. The antenna is a 15cm long 
monopole, with 5mm diameter on 1.44mm2 ground plane. The antenna is fed through the 
NIC as shown in Fig.2.32. The measured input impedance through NIC matched monopole is 
shown in Fig.2.33. It is clear when compared with the antenna alone that the net reactance is 
close to zero with a variation between -20Ω to 80Ω whereas the reactance of the antenna 
alone without matching varies between -1200Ω and 0Ω. It is clear that the NIC circuit is 
cancelling the reactance of the antenna over a wide frequency range. The comparison 
between the measured S21 of the NIC matched antenna and an arbitrary antenna against the 
antenna by itself is shown in Fig.2.34. It can be seen that the NIC matched antenna improves 
the S21 by at least 10dB between 30MHz and 200MHz irrespective of the bias condition.  
 
 
Fig.2. 31 Measured S11 and S21 of non-Foster circuit [19] 
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Fig.2. 32 (a) Schematic of the non-Foster enhanced monopole and (b) the fabricated non-
Foster enhanced monopole [19] 
 
 
Fig.2. 33 Measured input reactance of non-Foster enhanced monopole compared with an 
unmatched antenna. [19] 
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Fig.2. 34 Measured S21 of non-Foster enhanced monopole at different bias conditions 
compared to passive antenna [19] 
 
One of the recurrent themes with most of the previous work into NICs is stability. This has 
led to designs being scaled down or in some cases they are limited to simulations only. 
Hence, the top frequency of reported prototype is limited to 500MHz. In [19], the NIC was 
demonstrated at 1GHz but the integration with the antenna showed only results up to  
200MHz. 
The problem of stability is therefore a major hindrance to the successful demonstration and 
implementation of NICs, especially at higher order frequency.  
Table 2.1 shows a summary of the reviewed publications on NICs detailing the key 
parameters such as top frequencies, NIC circuit type, antenna used and whether it was 
realised physically or just via simulations. Also included in the table are details on noise and 
linearity measurements. 
Table 2.1 Summary on NICs 
Ref 
Max 
Freq. 
(MHz) 
Type of 
NIC 
circuit 
Antenna 
type 
Simulated 
or 
Measured 
Stability 
analysis 
(Type) 
Noise 
measurement 
Linearity 
measurement 
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[8] 220 
Linvill 
two 
transistor 
model 
6 inch 
monopole 
and 12 inch 
dipole 
Measured None Yes No 
[9] 90 
Linvill 
two 
transistor 
model 
Monopole 
(Equivalent 
circuit) 
Simulated 
Yes 
(Stability 
circles) 
No No 
[10] 2500 
Ideal non-
Foster 
elements 
PIFA Simulated None No No 
[13] 1000 
Ideal non-
Foster 
elements 
6 inch loop Simulated None No No 
[14] 5000 
Linvill 
two 
transistor 
model 
Microstrip 
patch 
antenna 
with Left 
hand 
structures 
Simulated None No No 
[15] 600 
Linvill 
two 
transistor 
model 
3 inch 
monopole Measured None No No 
[17] 500 
Linvill 
two 
transistor 
model 
Dual band 
metamateri
al inspired 
antenna 
Measured None No No 
[16] 100 
Modified 
Linvill 
two 
transistor 
model 
Loop 
antenna Measured None No No 
[19] 200 
Modified 
Linvill 
two 
transistor 
model 
15cm 
monopole Measured None No No 
 
 
2.5. Stability within NICs 
There are available means of testing stability in active circuits. Examples are the K – factor 
test, the B1 auxiliary stability factor, the use of stability circles and the normalised 
determinant function (NDF). The theory behind these stability methods are widely available 
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in literature and have been used extensively to determine the stability of amplifiers and to 
check the start-up conditions of the oscillators.  
Some of these test methods have also been included into some simulators like K-factor, B1 
and stability circles or µ stability factor, but as described in [20], the K- factor tests do not 
correctly predict the instability associated with NICs. One flaw of the K - factor test can be 
seen in its definition. Ref [21] gives the definition of the Rollett K stability factor as shown in 
Eq.2.23 below. The condition for stability is that K >1. 
 
K =  1 −  |s11|2 −  |s22|2 +  |∆|22 ×  |s12|  ×  |s21|  (2.23) 
 
where Δ is the determinant of the circuit’s S – matrix. 
Stability factor, µ, computes the geometric stability factor of a 2-port. The geometric stability 
factor computes the distance from the center of the Smith Chart to the nearest unstable point 
of the input source plane. The necessary and sufficient condition for unconditional stability of 
the two port is that µ > 1. Likewise, the µ stability factor is also dependent on the S – matrix 
 
µ =  1 −  |s11|2|s22 −  s11∗∆| + |s21s12| (2.24) 
 
B1 is the auxiliary stability factor for a two-port, defined as Eq.2.25 and the condition for 
stability is that B1 > 0. 
B1 = 1 + |s11|2 −  |s22|2 −  |∆|2 2.25 
 
∆ =  s11s22 −  s12s21 
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NDF is considered a rigorous method of predicting the stability of an N-port network 
structure. It is defined as the ratio of the determinants of the network function when all the 
generators are on and when there are off. 
 
𝑁𝐷𝐹 =  ∆(𝑠)
∆𝑜(𝑠) 2.26 
 
Where Δ(s) is the corresponding network function (impedance) when all the generators and 
active elements are on and Δo(s) is the same network function when all the generators and 
active elements are off. It can be seen that the NDF also rely on network impedances at 
measurement ports which would lead to missing the hidden mode of oscillation. 
It can be observed that Eq. 2.23 -2.25 are based on the corresponding S – matrix (appendix 
D) of the NIC. The S - matrix is a port based parameter and it is possible for it to miss out the 
other sources of instability. References [22-23] point to unstable hidden modes of oscillation 
in linear systems which are not apparent from the input and output ports. The use of a 
stability method based on state space representation of a linear system to predict the 
instability of active circuits would not fully reveal instabilities as they are usually dependent 
on the time domain behaviour of the NIC circuit. It has also been suggested that complex 
non-Foster elements (trying to invert more than one element per NIC) have a higher 
probability of instability. This is one of the reasons why most of the prototypes available 
involve simple non-Foster elements.  
Other methods available in the literature regarding stability of non-Foster elements involves 
computing the stability of the NIC based on loads applied, open or short circuit [8, 11]. These 
methods also do not give useful information because they inherently depend on 
measurements from the ports of the NIC.  
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2.6. Other NIC configurations 
Asides from the use of transistors and the Linvill’s schematic to realise non-Foster elements, 
there are other means of realising these elements. Herold, in [24], lists a variety of devices 
that can be used to realise negative resistances but they almost all require the use of vacuum 
electron tubes. The use of vacuum tubes was also suggested by [11]. 
Another NIC method makes use of an amplifier. This was also suggested in [24] in which the 
impedance to invert, which in this case is a resistor, is connected to the output of the 
amplifier. Feedback lines then connect the two terminals of the resistor to the input terminals 
of the amplifier. Sussman-Fort and Rudish in [8] showed a slightly different schematic. In 
this case, the impedance to invert is connected along the feedback path as shown in Fig.2.35 
 
Fig.2. 35 Amplifier based NIC [8] 
 
Reference [8] also suggested another schematic for achieving non-Foster elements. The 
authors used a transformer to achieve the phase inversion required to achieve the impedance 
inversion. The value of the negative impedance is dependent on the turning ratio of the 
transformer. Fig.2.36 shows the transformer based NIC. 
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Fig.2. 36 Transformer based NIC [8] 
 
 
 
 
2.7. Other application of NIC 
Asides from impedance matching, to which most of the NIC demonstrations are aimed, there 
are other applications which use NICs although these have only been demonstrated 
analytically. Reference [25] showed the use of NICs as a capacitance multiplier for use in 
integrated low pass filters. There is a need for high value capacitors when designing filters 
especially at very low frequencies. In this work, the authors use the operational amplifier 
based NIC to obtain a negative capacitor. They were able to demonstrate, by simulation, the 
inverting of a 100pF capacitor to yield approximately -100nF between 500mHz to 500kHz as 
shown in Fig.2.37. The authors then replace the 100pF with a similar NIC (double inversion) 
and this results in a higher positive capacitance, which ranged from 4µF to 10nF, depending 
on the values of other NIC parameters. Using this active high value capacitor, a low pass 
filter was designed and its response is shown in Fig.2.38. Varying the simulated capacitor 
value, by varying other NIC parameters, a low pass filter was designed which had a response 
whose cut-off frequency varies between 400mHz to 159Hz. 
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Fig.2. 37 Simulated comparison of  NIC reactance and ideal -100nF [25] 
 
 
Fig.2. 38 Low pass filter response with active capacitors [25] 
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In another example provided in Ref.[26], the proposed NIC in [25] is employed to increase 
the temperature sensitivity in a bridge sensor and an error spread of less than ±1% was 
reported. 
 
2.8. Conclusion 
In this chapter, a review into the state of art in non-Foster matching has been discussed. It has 
also been shown how non-Foster elements help provide broadband matching of antennas and 
complete impedance cancellation.  
Schematics for non-Foster element realisation and a few examples have been discussed. The 
common problem associated with NICs and non-Foster elements is stability. The current 
stability analysis methods have been discussed and the reasons why these methods fail to 
correctly predict instability within the NICs has been highlighted. Other means and 
schematics of achieving non-Foster elements have also been discussed and the uses of NIC in 
applications other than impedance matching are also discussed. 
Of all the examples of the realisation of an NIC discussed, the highest frequency achieved by 
an integrated prototype is 500MHz [17]. But this did not discuss the effect of noise and 
linearity and also had some results that might suggest instability within the NIC. Ref [8] was 
the only reference to date to show the effect of noise within the NIC and its effect on an 
integrated NIC antenna but this also did not show any results on linearity and its top 
frequency was 200MHz. On the whole, NICs have been viewed and an accepted method for 
making small broadband antennas but the instability and complexity of the Linvill schematic 
have limited the highest frequency and the fabrication of prototypes.  
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The use of NICs within other applications just like other alternatives to the Linvill NIC have 
not really got any traction at the moment as prior efforts have all been focused on making 
broadband antennas using the two transistor Linvill’s schematic. 
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CHAPTER 3 
POTENTIAL OF BROADBAND ANTENNA MATCHING 
USING NEGATIVE IMPEDANCE CONVERTERS 
3.1.  Background 
The need for physically small antennas is quite evident in the mobile handset industry but 
with the restriction in size comes a limit in the matched bandwidth of the antenna. Chu [1], 
gives a relationship between antenna size and Q, indicating that bandwidth and volume are 
proportional as shown in equation 3.1.  
Q =  1(k3a3) + 1(ka) 
 
(3.1) 
where a is the radius of the sphere that completely circumscribes the antenna, k = 2π/λ and Q 
= fc
∆f
 where fc is the antenna centre frequency and Δf is the bandwidth if the antenna. 
The use of passive matching networks has been explored, but this is also limited by the trade-
off specified by the Bode-Fano limit. With the advent of cognitive radios (CR) and IEEE 
802.22, the standard for wireless regional area networks (WRAN) which use the white spaces 
in television frequency spectrum, there will be a need for mobile CR nodes; these nodes will 
require small antennas that are wideband for either communication or spectrum sensing. The 
conventional means of matching antennas to yield broadband performances are limited by the 
Chu and Bode-Fano limits. This is mainly due to the need to resonate the antenna with 
passive positive reactances (Foster elements), but this only results in net zero reactance at 
spot (resonant) frequencies. Any change either side of this spot frequency causes the net 
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reactance to change and the antenna losses it match. This then leads to a compromise between 
match quality and bandwidths. However, as described in chapter 2, if an element with a 
negative impedance slope is used, then it is possible to have a net zero reactance continuously 
within the whole or part of the bandwidth.  These elements with negative slopes are called 
non-Foster elements and they are usually negative capacitors and inductors. 
As previously discussed in chapter 2, a negative impedance converter (NIC) can be used to 
realise a non-Foster element (see Fig.2.10). Linvill, in 1957, showed how to realise non-
Foster elements with NICs [2]. This involved the use of transistors connected in a feedback 
path arrangement with the impedance to invert connected between the two drain or collector 
terminals. A simple circuit schematic of the Linvill NIC without the DC bias network is 
shown in Fig. 3.1a. This circuit provides a negative capacitive reactance across the emitter 
terminals. One of the advantages of Linvill’s NIC is that it is reciprocal and symmetric and 
this makes it usable in the duplex mode of operation, though this is dependent on the 
transistor choice in terms of its power handling capability. 
C
Port 1 Port 2 
 
(a) 
56 
 
- C
Port 2 Port 1 
 
 (b) 
Fig.3.2 (a) Linvill’s Negative Impedance Converter Circuit and (b) Ideal negative capacitance 
 
3.2.  Simulation with ATF54143 transistor 
Using the Linvill’s NIC shown in Fig 3.1a, a negative capacitor was simulated using the 
Microwave Office simulator by Applied Wave Research.  
The heterojunction FET, Avago ATF 54143, was chosen because it is wideband, has a low 
noise figure and good 3rd order intercept point (IP3) as seen in the datasheet in the     
appendix A. Using s-parameter files of an Avago ATF 54143 transistor biased at 3V, 60mA, 
connected as in the Linvill’s configuration with a 3.9pF AVX capacitor, simulation showed a 
negative capacitance appears at the output. The datasheets for the transistor and the capacitor 
used in this simulation are in the appendix A. This was then compared with what was 
obtained when an ideal negative capacitor was connected between two 50Ω measurement 
ports in the same simulator as shown in Fig. 3.1b. Figures. 3.2 and 3.3 show the results.  
From the input and output impedance plots shown on the Smith chart, Fig.3.2, and its 
impedance against frequency plots, Fig.3.3, the basic properties of a non-Foster element can 
be seen: 
1. Anticlockwise rotation around the Smith chart with increasing frequency (fig. 3.2) 
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Fig.3.3 S - parameter plots of NIC of Fig.3.1 and ideal negative capacitance 
 
2. Negative slope of impedance to frequency curve  (fig. 3.3) 
The reactance of a positive capacitance can be represented by equation 3.2 
Xc =  -1ωC 3.2 
 
When the capacitance C is negative, the reactance equation becomes 
Xc =  -1-ωC  =  1ωC  =  12πfC 3.3 
 
This implies that  
Xc  ∝  1f  3.4 
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This results in an inverse proportionality between capacitive reactance and frequency 
which is seen in Fig.3.3 
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Fig.3.4 Simulated Impedance vs Frequency of NIC and ideal negative capacitance. 
 
Figure 3.4 shows the capacitance vs frequency plot extracted from the reactance found in the 
simulator. It can be seen that there is a frequency dependence in the case of the negative 
capacitor realised using the NIC, unlike that obtainable from the ideal capacitance. This 
dependence is primarily due to the transistors. Equation 3.5 shows a relationship between the 
output Zout impedance and the impedance to invert Zin [2].  
  Zout = �1-2 ∝�Zin +  2re + (1 -  ∝)2rb        (3.5) 
where, Zout is impedance seen across the terminals of the NIC, Zin is the capacitor being 
inverted, α is the current gain of the transistor in common base mode, re and rb are emitter and 
base resistance respectively. 
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The proof of eq. 3.2 is given in chapter 2 (eqs. 2.3 – 2.21). The equivalent circuit of the NIC 
used in this analysis is shown in ref [2]. 
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Fig.3.5 Simulated capacitance against frequency. 
 
The first term of the expression above is most significant as the second and third terms re and 
rb are relatively small but also contribute to the overall resistance in the inverted impedance, 
hence in Fig. 3.2, the overall resistance seen through the NIC based capacitor is larger than 
that through the ideal negative capacitor. It should be noted that because S-parameters are 
being measured, there is always a 50Ω load at the other port. Therefore, the impedance seen 
on the Smith chart is the inverted impedance in series with a 50Ω load from the ports. The 
parameter in the first term which leads to negative impedance is α, the current gain of the 
transistor in the common base mode, and this is frequency dependent. Its dependence can be 
expressed as [2] 
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∝ =  ∝01 + j ffcutoff (3.6) 
where fcutoff is the alpha cut-off frequency, ∝0 is the current gain at DC. Variation of α with 
frequency thus leads to a frequency dependence in the negative capacitance seen in Fig.3.4. 
 
3.3  Antenna matching with Negative Impedance Converters 
3.3.1  The Antenna 
To demonstrate the use of non-Foster elements in antenna matching, an antenna which is 
electrically small was chosen. This was then matched with both conventional passive and 
non-Foster elements. The antenna chosen is the chassis antenna, this antenna was designed 
within the University of Birmingham AAEL research group and the results of this antenna 
has been reported the literature [3-5]. Figure 3.5 shows the antenna. It consists of a mobile 
sized ground plane and a coupling element on the left hand end of the ground plane. The 
coupling element is displaced from the edge of the ground plane by 6mm and has dimensions 
40mm × 5mm × 7mm. The ground plane forms the primary radiating element. It can also 
serve as the chassis of a mobile or handheld device. Its size is 40mm × 100mm. The ground 
plane and coupling elements are fabricated from copper with thickness of 0.5mm. They are 
held together by a RohacellTM block with Ɛr of 1.08 as shown in the photograph in Fig.3.6. 
The Q of the antenna is 19 at 900MHz. The antenna was simulated using CST which uses a 
finite integral full wave method (appendix C). Its S11 is shown in Fig 3.7. It is clear that the 
antenna is matched nowhere in the frequency range shown. It is therefore normal to use a 
matching circuit to permit operation in any given frequency band. 
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Fig.3.6 The chassis antenna structure layout schematic 
 
 
Fig.3 7 The chassis antenna structure: the fabricated prototype 
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62 
 
 
Fig.3 8 Simulated return loss, S11, of Chassis antenna  
 
3.3.2  Matching Network 
3.3.2.1. Ideal Negative Reactance Component Matching 
To match this antenna, there is a need to find an approximate equivalent circuit of the 
antenna, in the form of an RLC network. To obtain the non-Foster matching network, the 
reactive part of the equivalent RLC circuit of the antenna is negated. The resultant negative 
LC network is then optimised in AWR which then forms the final non-Foster matching 
network. The resultant matching network is an L-shaped network of negative inductor and 
capacitor in series and a shunt negative capacitor, as shown in Fig 3.8.  
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Fig.3 9 Non-Foster matching network 
 
The return loss of the antenna matched with ideal negative elements is shown in Fig 3.9. This 
shows a wideband performance, with a return loss better than -10dB between 0.8GHz – 
2.4GHz. This is a significant improvement from that which is obtainable when the same 
antenna is matched using passive elements. The Q of the antenna can also be seen to improve 
from 19 without matching to 1 after non-Foster matching.  
 
 
 
Non-Foster 
 matching Foster matching 
Fig.3 10   Simulated matched antenna return loss  
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This wideband matching is possible because the matching network shown in Fig 3.8 is non-
Foster as can be seen in the anti-clockwise rotation around the Smith chart with increasing 
frequency in Fig 3.10. 
Despite the ability of non-Foster elements to cancel the reactance of an element completely, 
independent of frequency, Fig.3.9 shows this is not the case, as the antenna is not matched 
completely over the entire bandwidth. This can be attributed to the fact that the non-Foster 
matching network whose S11 is shown in Fig.3.10 does not completely represent the 
conjugate of the antenna and also a simple LC matching network cannot fully represent the 
antenna. To obtain complete matching over the antenna frequency band, there is a need to 
increase the number of non-Foster elements and the complexity of the matching network. 
 
 
Fig.3 11 Simulated input impedance of the Non-Foster matching network. 
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3.3.2.2. Realistic Negative Impedance Matching 
In order to simulate negative elements using the Linvill NIC model as practically possible, 
there is a need to include the required DC bias network and transmission lines. This practical 
schematic is shown in Fig.3.11a and it was simulated using AWR design environment. 
Fig.3.11a shows the schematic of the NIC which is used to realise the shunt element in the 
non-Foster element in the matching network. For the series elements, the capacitor indicated 
in Fig.3.11a is replaced by the corresponding inductor and capacitor. The S – parameters of 
the series and shunt elements are then combined along with the simulated antenna. It can be 
seen from Fig 3.11b that the overall achievable -10dB matched bandwidth is reduced from 
1.6GHz (Fig.3.9 blue curve) to 1.1GHz (Fig.3.11b). This is due to the parasitics in the 
lumped elements, the bias network and the transmission lines. It should also be noted that 
there is a positive return loss between 2GHz and 2.7GHz. This is a sign of potential 
instability and could set the transistors into oscillations making them uncontrollable and 
unresponsive. 
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Fig.3 12 Simulated NIC matched antenna return loss with biasing and feedback paths. 
The simulated non-Foster elements’ S- parameters were combined with the simulated antenna 
in CST Microwave Studio and simulated realised gain, radiation and total efficiency were 
obtained. The definitions of antenna parameters and how they are calculated are in appendix 
D. These results were then compared with what is obtainable when the same antenna is 
matched passively to resonante at 1.8GHz. Table 3.1 shows the comparison between these 
simulated results. Table 3.2 shows that the NIC matched antenna has a better gain bandwidth 
product when compared to simulating the antenna with passive elements only. 
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Table 3 1: Simulated antenna performance. 
Frequency 
(MHz) 
Radiation Efficiency (dB) Total Efficiency(dB) Gain (dBi) 
NIC 
matching 
Passive 
matching 
NIC 
matching 
Passive 
matching 
NIC 
matching 
Passive 
matching 
0.7 -3.086 -12.31 -3.508 -27.25 -1.407 -24.85 
0.8 -2.503 -6.938 -2.647 -20.61 -0.6902 -18.88 
1 -1.57 -2.435 -1.724 -12.63 0.505 -10.61 
1.2 -1.61 -1.502 -1.851 -9.512 0.8724 -7.021 
1.4 -1.998 -1.24 -2.041 -8.018 1.298 -4.971 
1.6 -1.886 -0.7043 -1.948 -3.975 2.428 0.03442 
1.8 -0.9752 -0.2629 -1.158 -0.3037 3.771 4.325 
2 -0.2484 -0.0695 -0.2489 -2.6 4.658 2.156 
2.2 -1.857 -0.2002 -2.951 -4.12 1.84 0.608 
2.4 -6.858 -0.2461 -10.18 -4.295 -5.343 0.5358 
2.6 -15.37 -0.1835 -19.95 -4.471 -15.01 0.6678 
 
Table 3 2: Simulated gain-bandwidth product 
 
  
NIC matching 
 
Passive matching 
 
Gain bandwidth product (dBi) 
 
1.86 
 
0.96 
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All the above simulation results shows that non-Foster elements help achieve broad 
bandwidths without having adverse effects on the antenna gain and efficiency. It also 
indicates that there is an undesirable potential for oscillation when using NICs. This point is 
discussed later in chapter 4.  
 
3.4 Tuning Range Enhancement Using NICs 
Another potential application of an NIC is its use in enhancing the tuning range of a varactor 
tuned antenna by allowing the total capacitive reactance to tune pass zero reactance [6-7]. To 
demonstrate this, the chassis antenna described in Section 3.3 has been matched with a 
network consisting of a series varactor and a shunt 5.9nH inductor as shown in Fig.3.12a. 
This matching network provided a tuning range of 514MHz between 1777MHz and 
2291MHz as shown in Fig.3.13. When this antenna is matched with a matching network that 
consists of a non-Foster element, realised using the NIC with an effective negative 
capacitance of -1.7pF, in series with a varactor and a shunt 5.9nH inductor as shown in 
Fig.3.12b, it is possible to match the antenna between 1381MHz and 2050MHz. This is 
because the net capacitance in series with the antenna using the NIC varies from -2.879pF to 
1.248pF as against 0.72pF to 4.15pF with the varactor alone. Fig.3.13 also shows that the 
instantaneous bandwidths with the NIC and varactor. These bandwidths are larger especially 
at the lower frequency when compared with that of the varactor alone matching network 
which is synonymous with non-Foster matching. There is also another advantage of being 
able to switch easily from positive capacitance to negative capacitance by just varying the 
bias conditions of the varactor and enjoy the benefit of both non-Foster matching and Foster 
matching.   
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(a) 
 
 (b) 
Fig.3 13 (a) Varactor matching network and (b) NIC and Varactor matching network. 
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Fig.3 14. Simulated antenna return loss of tunable antenna with and without NIC 
 
3.5. Conclusion 
In this chapter, the need for non-Foster matching and its use in obtaining wideband matching 
has been discussed. A simulated antenna has been matched with both passive and non-Foster 
matching networks to demonstrate the potential of non-Foster elements and NICs. The use of 
NIC to achieve non-Foster elements have also been discussed and demonstrated with 
simulation and the potential difference between non-Foster elements realised using NICs and 
ideal negative elements have also been shown. And finally the use of non-Foster elements 
realised using NICs to match an antenna have been shown and the resultant wide bandwidth 
match is shown and its potential for increasing the tuning range of varactors. The potential for 
instability was also pointed out with a matched S11 begin greater than 0dB.  
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CHAPTER 4 
STABILITY IN PRACTICAL NIC CIRCUIT 
4.1.  Physical Realisation of NIC 
As a first step in achieving an NIC matched antenna, a single negative capacitor was designed 
and built [1-4]. The schematic is shown in Fig 4.1 below. The components in the schematic 
include the Avago 54143 transistors, the bias network and other elements required to achieve 
a standalone negative element. There are passive elements (resistor,R, and capacitor,C,) and 
transmission lines, TX LINE, between the measurement ports and the collectors of the Avago 
ATF54143 transistors used which are the terminals of the NIC. The capacitors, C, ensures a 
circuit with an overall positive capacitance. As the capacitor to invert, Cinv, has some inherent 
parasitic resistances, if there are no positive elements between the measurement ports and the 
NIC, the circuit will be unstable and unmeasurable because the arising negative parasitic 
resistances would lead to instabilities.  The effects of these added elements (R and C) and 
transmission lines would then be de-embedded from the measured result to obtain the actual 
NIC performance. Details of the de-embedding process are described later in chapter 5. 
Capacitors CDC are DC blocking capacitors required to correctly bias the transistors that make 
up the NIC circuit. 
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Fig.4 .1 AWR Circuit schematic for single element standalone negative impedance converter 
R and C are the stability resistor and capacitor respectively, CDC are the dc blocking 
capacitor, TXLINE are the coplanar waveguide (CPW) lines, Cinv is the capacitor to invert. 
 
Because of the potential for instability noted in previous chapter (Fig. 3.11), it was necessary 
to check the stability of the circuit before it was fabricated. The standard methods and tools 
available for predicting and testing for stability of a circuit rely on test methods based on two 
port networks, such as the K stability factor and the B1 auxiliary stability factor test. These 
two methods provide the necessary and sufficient conditions for unconditional stability [5]. 
These two stability test methods were chosen because they are the two widely used and 
quoted methods and they can be simulated in AWR. The two conditions are:  
K > 1 and B1 > 0                               (4.1) 
       where    K = 1−|s11|2− |s22|2+ |∆|2
2|s12s21|    
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                   and    B1 = 1 + |s11|2 −  |s22|2 −  |∆|2 
      ∆ =  s11s22 −  s12s21 
Appendix D contains how the component s – parameters can be calculated. The simulated 
magnitudes of K and B1 stability tests on the above circuit schematic were done using AWR 
and are shown in Fig. 4.2. The results show that the Linvill based circuit should be 
unconditionally stable as the two conditions are met. 
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Fig.4 2 Simulated K-factor and B1 auxiliary stability factor 
R = 10Ω, C = 2pF, Cdc = 0.1pF and Cinv = 3.9pF  
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When this simulated circuit was built as described later in chapter 5, it was found that they 
were unstable, with oscillation at 1.9GHz and at higher order harmonics. Clearly this was not 
predicted by the K-factor and B1 auxiliary stability factor tests.  
The simulator was unable to correctly predict the instability because these stability prediction 
methods rely only on measurements of the two port S – parameters. It is known that there are 
hidden modes which can also cause instability, and these modes may not be observable from 
the ports. Hence, any prediction method that relies on the port measurements alone will not 
always indicate these instability modes [6].  
Therefore, in order to realise a stable NIC, a further stability analysis was done, as described 
in the following section. 
 
4.2.  Stability Analysis 
An approximate stability analysis based on the pole locations on the complex s-plane [7] has 
been developed. This analysis reveals how instabilities within the NIC can be predicted, 
though these instabilities may not be observable from the measurement ports.  
4.2.1 Transfer Function 
To determine the location of the poles of the NIC, it is necessary to first find the transfer 
function of the NIC. Also because a numeric analysis is being performed it is possible to 
determine the transfer function of the NIC away from the measurement ports. The ratio of the 
Laplace transforms of the response of a circuit, Y(s), and the input, X(s), is called the transfer 
function and this is expressed in equation 4.2 below [8], 
77 
 
𝐻(𝑠) =  𝑌(𝑠)
𝑋(𝑠) 4.2 
 
The roots of the numerator of the transfer function are called the zeros of the transfer function 
and the roots of the denominator are called the poles of the transfer function. The location of 
the zeros and poles of the transfer function on the complex s- plane determine the stability or 
otherwise of a system according to Nyquist. 
For a given driving voltage or impulse the response of the system can be derived from its 
transfer function. The response can be obtained by re-writing equation 4.2. 
𝑌(𝑠) = 𝐻(𝑠)𝑋(𝑠) 4.3 
And the time domain response of the system is obtained by inverse Laplace transforms of 
equation 4.3 
𝑦(𝑡) =  ℒ−1{𝐻(𝑠)}𝑥(𝑡) 4.4 
 
The inverse transform of the transfer function will show how stable the system is. If the poles 
of the transfer function are negative or negative complex, they would be on the left hand side 
of the complex s-plane, the response of the system in time domain will result in a decaying 
exponential while if the poles are positive or positive complex, they would be on the right 
hand side of the complex s-plane, the time domain response will have a growing exponential 
which would then lead to oscillation with increasing amplitude. If the poles are purely 
imaginary, this would also lead to oscillation but with constant amplitude. 
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Fig.4 3 Complex S-plane and location of poles 
 
The stability analysis proceeds by noting the symmetry of the circuit and splitting the analysis 
into the even and odd modes respectively. 
 
 
4.2.2 Even mode 
Figure 4.4 shows the development of the circuit model. Fig 4.4a shows the Linvill’s NIC 
circuit model without the complete bias network with the required DC blocking capacitors 
CB1 and CB2 and the capacitor, C, being inverted. Figure 4.4b shows the circuit with 
capacitors split into two. In the even mode, the currents flow out of the transistors into the 
capacitor C are equal but opposite directions. Hence an open circuit occurs in the middle of 
this capacitor [9]. This implies that the element to invert, C, does not play a part in this 
analysis. However, in the feedback paths, the currents out of the transistors are equal and 
flow in the same (clockwise) direction around the feedback path. Splitting the circuit along its 
line of symmetry, gives Fig. 4.4c. The capacitor to invert has an open circuit on its terminal 
while the path through the DC blocking capacitors can be combined and closed off because 
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of the symmetric and reciprocal property of the NIC circuit, giving Fig.4.4d. C1 in the figure 
is the series combination of 2CB1 and 2CB2. 
CB1
CB2
C
 
(a) 
2C
2CB1
2CB2
2CB1
2CB2
2C
 
(b) 
2CB1
2CB2
2C
O/C
 
(c) 
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(d) 
Fig.4 4 Development of the NIC circuit in even mode operation 
(a) The NIC schematic (b) NIC in even mode operation (c) NIC after split along its line of 
symmetry and (d) NIC with closed up feedback path. 
 
The equivalent circuit of NIC, with a transistor equivalent circuit, operating in the even mode 
is shown in Fig. 4.5. The equivalent circuit of the transistor in common gate mode, capacitor 
C1 and an input source voltage Vs and output voltage Vo have been added. 
 
Vs
Rs
R
+
-
Vin Ri C2
C1
gmVs Vo
 
Fig.4 5 Equivalent circuit of the NIC in even mode (C2 is the collector capacitance) 
 
Now, let the reactance, XA, be 
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                                                 XA = R || C2                                                                (4.5) 
so that 
XA =  R1 + sRC2 
 
(4.6) 
and let the reactance, XT, be  
     XT =  XA||C1                                          (4.7) 
where 
XT =  R1 + sR(C1 + C2) 
 
             (4.8) 
The output voltage, Vo, is given by     
                    VO =  gmVsXT         (4.9) 
so that 
         VoVs =  gmR1 + sR(C1 + C2) 
 
(4.10) 
Equation 4.10 represents the transfer function of the NIC in the even mode. The poles, s, of 
the transfer function are: 
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s =  − 1R(C1 + C2) (4.11) 
The poles are always going to be on the left-hand side of the complex s-plane, indicating 
unconditional stability, in the Nyquist stability criteria.  
However, if the transmission lines forming the feedback paths are included in the above 
analysis, the even mode equivalent circuit becomes Fig. 4.6 with the inductor, L, which can 
be used to approximate a short transmission line that form the feedback path. 
 
Vs
Rs
R
+
-
Vin Ri C2
C1
gmVs Vo
L
 
Fig.4 6 Equivalent circuit of NIC in even mode with feedback lines included 
                                                                        
Now, let the reactance XB be 
XB =  1 +  s2LC1sC1  (4.12) 
and as before 
XA =  R1 + sRC2 (4.13) 
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The reactance XT becomes 
XT =  XA||XB (4.14) 
where 
1XT =  1 + sRC2R   +  sC11 +  s2LC1 (4.15) 
 
=  (1 + sRC2)(1 + s2LC1) + sRC1R(1 + s2LC1)  (4.16) 
so that, 
XT =  R(1 + s2LC1)1 + s2LC1 + sRC2 + s3RC1C2L + sRC1 (4.17) 
The output voltage, Vo, is 
VO =  iOXT (4.18) 
 
where 
iO = gmVs (4.19) 
so that 
VO =  gmVisXT (4.20) 
The voltage transfer function is given by 
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VOVs =  gmXT (4.21) 
=  gmR(1 + s2LC1)s3RLC1C2 +  s2LC1 + sR(C1 + C2) + 1 (4.22) 
 
The roots of the denominator are the poles of the transfer function and their position on the 
complex s-plane determines the stability of the system. When the values of R and C2 obtained 
from the AVAGO ATF 54143 transistors data sheet are used and the length of the feedback 
path is approximated by an inductor by using Eq. 4.23, the poles of the transfer function can 
be found. C1 is the value of the DC blocking capacitor. L is given by 
L =  µ dlw (4.23) 
where L is the inductance per unit length, µ is the magnetic permeability, d is the conductor   
thickness, l is the conductor length and the w is the width of the conductor. 
 
For R = 0.3Ω, L = 4.9nH, C1 = 1pF and C2 = 0.8pF the poles of   s3RLC1C2 +  s2LC1 +sR(C1 + C2) + 1 are 
s1 =  −4.1166 × 10+12 
s2 =  0.0142j × 10+12 
s3= −0.0142j × 10+12 
 
(4.24) 
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Two of the poles, s2 and s3, are complex conjugates of each other and are on the imaginary 
axis of the complex s-plane. This implies that the system will oscillate with fixed amplitude 
at a given frequency. The frequency of oscillation, f, can be determined by using the 
following equations: 
s = σ + ωj (4.25) 
ω = 2πf 
 
(4.26) 
f = 0.0142 × 10+122π  
= 2.26GHz 
This frequency of oscillation is about 16% from the measured oscillation frequency, of 
1.9GHz of the fabricated circuit described in the next chapter. 
This even mode analysis shows that the feedback path is a critical factor in circuit stability. 
From the analysis, it can be deduced that using a transistor with a transition frequency lower 
the expected frequency of oscillation will help prevent the system from going into oscillation 
because after the transition frequency, the transistor has a gain lower than unity which would 
not start up an oscillation. The interdependence of feedback path length and stability puts a 
cap on the highest frequency achievable. 
A parametric study on the effect of the length of the feedback path was done and the results 
are shown in Table 4.1. It can be seen that varying the length of the feedback path 
represented by the inductor causes the predicted frequency of oscillation to change. This 
therefore gives an ability to relate and quantify the relationship between the feedback path 
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length and the frequency of oscillation. Therefore, the stability and the maximum frequency 
attainable of an NIC circuit are greatly dependent on the feedback path length. 
 
Table 4.1: Parametric study on feedback path length and frequency of oscillations 
Inductance 
(nH) 
Feedback 
Pathlength (mm) 
Poles of transfer function Frequency of 
oscillation 
(GHz) 
s1( x 
10^12) 
s2( x 
10^12) 
s3( x 
10^12) 
1 3.75 -8.44 
0.0032 + 
0.0316i 
0.0032 - 
0.0316i 
5.03 
2 7.37 -1.69 0.022i -0.022i 3.56 
3 10.38 -2.53 0.018i -0.018i 2.91 
4 13.29 -3.37 0.016i -0.016i 2.51 
5 15.82 -4.22 0.014i -0.014i 2.24 
6 18.34 -5.06 0.013i -0.013i 2.05 
10 24.61 -8.44 0.01i -0.01i 1.6 
20 29.13 -1.69 0.0007i -0.0007i 1.1 
30 20.43 -2.53 0.0006i -0.0006i 0.95 
 
The stability analysis and the parametric study of the even mode not only confirms the 
intuition that reducing the feedback path length helps achieve a stable NIC and help achieve a 
higher cut-off frequency, but it also helps quantify this intuition. By this quantification, It is 
thus possible to know at what frequency a given structure will become unstable for a given 
feedback path length. This is very useful, as it helps in the choice of transistor. A transistor 
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should be chosen with a transition frequency that is lower than the predicted frequency of 
oscillation of the circuit with a given length of the feedback path. 
 
4.2.2.  Odd mode 
An odd mode analysis has also been performed on the circuit. The current out of the two 
transistors through the feedback path are in the opposite directions around the feedback path, 
as shown in Fig 4.7a. and hence the simplification that was applied in the even mode is not 
applicable.  In the odd mode, the current through the capacitor to invert, C, results in a virtual 
ground in the middle of that capacitor and this results in the circuit of Fig. 4.7b [9]. The 
capacitor C is split into a series connection of two capacitors of value 2C and a ground is 
placed between them. 
The equivalent circuit of the transistor in the common-gate mode is shown in Fig.4.7c, with 
the parallel combination of C2 and R forming XT as seen in Fig.4.7d. When the closed circuit 
formed by the feedback paths and equivalent circuits of the transistor that make up the NIC in 
odd mode are analysed, the NIC equivalent circuit in odd mode is shown in Fig.4.7e is 
obtained and this forms the basis of the odd mode analysis.  
CB1
CB2
C
 
(a) 
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Fig.4 7 Development of the equivalent circuit of the NIC operating in the odd mode 
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The reactance XT is given by  
XT = R|| C2 (4.27) 
where  
XT =  R1 + sRC2 (4.28) 
The reactance, XTT is the parallel combination of 2XT and 2C, and is given by 
1XTT =  1 + sRC22R +  2sC1  (4.29) 
 
=  1 + sRC2 + 4sRC(2 + 2sRC1)2R  (4.30) 
Inverting the equation, gives 
XTT =  2R1 +  s(RC2 + 4RC) (4.31) 
The voltage V0 is given by  
Vo =  gmVsXTT (4.32) 
so that the transfer function, Vo Vs⁄  is given by  
V0Vs = � 2R1 + s(RC2 + 4RC)� gm (4.33) 
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The poles of the transfer function are 
s =  −1R(C2 + 4C) (4.34) 
With an inductor representing the transmission line inserted into the equivalent circuit as 
before, the reactance XTT becomes 
Vs
Rs
R
+
-
Vin Ri
C2
gmVs Vo
L
 
Fig.4 8 The equivalent circuit of the NIC including inductor representing the feedback in the 
NIC 
 
𝑋𝑇 = 𝑅 || (𝐿 + 𝐶2) 4.35 
 
𝑋𝑇 =  𝑅(𝑠2𝐿𝐶2 +  1)𝑠2𝐿𝐶2 +  𝑠𝑅𝐶2 +  1 4.36 
 
 
1XTT =   s2LC2 +  sRC2 +  12R(s2LC2 +  1) +  2sC1  
=    s2LC2 + sRC2 +  1 + 4sRC (s2LC2 +  1)2R(s2LC2 +  1)  
(4.37) 
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Inverting, gives 
XTT =  2R(s2LC2 +  1)s2LC2 + sRC2 +  1 + 4sRC (s2LC2 +  1) (4.38) 
The output voltage becomes 
 
Vo =  gmVsXTT (4.39) 
and the transfer function becomes 
 
VoVs  =  � 2R(s2LC2 +  1)4s3LRCC2 +  s2LC2 +  s(RC2 +  4RC) +  1 � gm (4.40) 
 
The poles of the transfer function can be determined by using the values of the variables from 
equation 4.24 and C = 3.9pF 
𝑠1 =  −2.1361 × 1011 
𝑠2 =  (−0.003 + 0.1597𝑗)  × 1011 
𝑠3 =  (−0.003 − 0.1597𝑗)  × 1011 
 
The poles are on the left hand side of the complex s- plane. Therefore, in the odd mode, the 
NIC would be stable. 
The above results agree with reasoning, in that, in the even mode, the currents from the 
different transistors flow in the same direction around the feedback path, (Fig. 4.9a). This 
represents a circulating current around the feedback path, which can be easily amplified and 
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hence start up an oscillation. Whereas, in the odd mode (Fig. 4.9b), because the currents in 
the feedback path are in opposite directions to one another, and assuming that the transistors 
are exactly similar, then these currents will be equal and effectively cancel each other out. 
This means that an oscillation will not start in the odd mode, when using similar transistors. 
The difference in the measured frequency of oscillation and that predicted in the even mode, 
can be attributed to the small differences in the actual transistor used. One of the major 
results from the stability analysis is the ability to predict the frequency of oscillation within 
the NIC to a reasonable level of accuracy and using this information in the choice of 
transistor. 
 
(a)  
 
(b) 
Fig.4 9  Current flow around the feedback path (a) Even mode and (b) Odd mode 
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4.3.  Conclusion 
This chapter shows a stability analysis for the NIC. The standard K factor and auxiliary B1 
stability factor test performed using AWR did not predict the oscillation that was experienced 
when the NIC circuit was fabricated. This is because these tests are based on measurements 
made from the ports of the circuit; therefore hidden mode oscillations were not detected. 
Because of the inability of the standard test to be able to predict the instability, a new stability 
analysis was done. This analysis is based on the transfer function of circuit. It has been 
possible to predict the frequency of the oscillation to within 16% of that obtained by 
measurement. The analysis also reveals the critical part of the NIC circuit that leads to 
oscillation, the feedback path between the transistors. With a parameter study, it is possible to 
realise a stable NIC given a fixed feedback path length. 
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Chapter 5 
REALISATION OF NIC ANTENNA MATCHING 
5.1.  Negative Impedance Converter Realisation 
Using the information obtained from the stability analysis, a stable and oscillation free NIC 
was designed, using the inter-dependence between the choice of transistor and feedback path 
length. The NIC was realised as a two layer structure, with a common ground plane in 
between, as this gives the best method of realising a short feedback path.  
The overall structure is shown in Fig. 5.1[1-3]. Its overall size is 50mm × 50mm. Fig.5.1a 
shows the cross-sectional view of the two layers, connected using 0.8mm diameter vias, made 
using rivets and soldered top and bottom. The top layer, Fig.5.1b, contains the transistors, the 
capacitor to invert and a part of the transistor DC bias network. The bottom layer, Fig.5.1c, 
contains the feedback path and a part of the DC bias network. The substrate used is Taconic 
TLY – 5 with thickness of 1.57mm, dielectric constant of 2.2 and loss tangent of 0.0009. The 
copper ground plane has a thickness of 0.07mm made from the combined ground plane of the 
two layers. Table 5.1 shows the list of elements used to realise this NIC and the datasheets of 
the elements are included in the appendix A. 
The length of the feedback path is 13.4mm which is equivalent to an inductance of 4.9nH. 
Using the stability criteria from chapter 4, this implies that the circuit would oscillate at 
2.26GHz. There is therefore a need to find a transistor whose FT is lower than the calculated 
frequency of oscillation. Figure 5.2 shows the gain of the NXP BFS – 17 and Avago ATF 
54143 (datasheet in appendix A). From the graph, it can be seen that the FT of the BFS- 17 
transistor, 1.9GHz, is lower than the expected frequency of oscillation, unlike the ATF 54143 
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transistor whose FT is 12GHz and has a gain of 16dB at the predicted frequency of 
oscillation. This therefore makes the BFS – 17 transistor a suitable choice, but also limits the 
top frequency of the NIC. The effect of using the ATF – 54143 transistor is described in 
section 5.2.1. 
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Fig.5 1 The Negative Impedance Converter structure (a)Top view (b) Reverse view and (c) 
the cross sectional view 
 
 
Fig.5 2 Transistor gain comparison of NXP BFS – 17 and Avago ATF 54143 
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Table 5 1 : Components used in the NIC 
 
Component Manufacturer 
Transistor NXP BFS-17 
Capacitor AVX 3.9pF 
Inductor Coilcraft 1.8nH 
Resistor 
Panasonic 33Ω 
Panasonic 10Ω 
Panasonic 10 kΩ 
Substrate Taconic TLY-5 
 
Negative impedances are inherently unstable; this is primarily due to the element being 
inverted having some inherent resistance, which also gets inverted. This inverted resistance is 
the primary source of the inherent instability within negative impedances. Therefore, to 
ensure the entire structure is stable and ultimately measurable, it is necessary to add positive 
components between the NIC ports and the measurement ports. This makes both the 
reactance and resistance measured at the measurement ports always positive and the NIC 
performance and characteristics are then de-embedded from the measured results. A 17.5mm 
co-planar waveguide (CPW) transmission line is added between the NIC terminal (points A 
and B in Fig.5.1b) and the measurement port to allow for SMA connections as shown in 
Fig.5.1b. There are also resistors in series with the NIC terminals to provide resistive 
damping and capacitors to ground to ensure that the net reactance measured in always 
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positive. These additional elements are de-embedded from the measured results to obtain the 
NIC performance. 
The de-embedding is done using the NEG2 element in AWR design environment as shown in 
Fig.5.3. A circuit board containing the added positive elements and the CPW transmission 
line between the measurement port and the points A on the circuit (Fig 5.1b) was built and 
measured. The measured S – parameters (TXLineonly) are then loaded into the NEG2 block, 
which negates the transpose of the Y matrix of “TXLineonly”.   
 
Fig.5 3 De-embedding in AWR 
 
The NEG2 block was then connected in series at both ends with the S - parameter block of 
the measured NIC structure. The resultant s-parameters of the cascaded blocks are the de-
embedded s-parameters of the NIC. The condition for validity of the NEG2 element approach 
is met, because the negated network consisting of the CPW transmission lines and the 
positive lumped elements is reciprocal. 
The NIC circuit that was built is shown in Fig.5.4. The metal casing is for mechanical 
stability and to ensure that it is rugged. The NIC core, without the bias network and the other 
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elements added to ensure overall positive reactance before de-embedding, are indicated in 
Fig.5.4a and the feedback paths are also indicated in Fig.5.4b.  
 
(a) 
 
(b) 
Fig.5 4 Built NIC structure (a) Top view and (b) Reverse view 
NIC 
 
Feedback 
Path 
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5.2.  Measured Results 
5.2.1. Prototype 1 
Initial attempts at fabricating the NIC involved the use of the Avago ATF 54143 with an FT 
of 12GHz. The NIC layouts were similar to those discussed in Section 5.1. The two layer 
approach was taken because it was the only viable means through which the feedback paths 
could be routed on the PCB as well as making the NIC core physically small. The transistors 
were biased at 3V and 60mA. This prototype was found to oscillate at 1.9GHz. The first 
indication of instability occurs whenever the NIC is powered up. The powering sequence for 
the FET transistor is that the drain voltage in turned on first and then the gate voltage. 
Turning on the gate voltage usually helps control the current through the drain but because of 
the instability the DC control over the gate and drain are lost. Hence, it is never possible to 
bias the transistors to the required bias conditions. Connecting port two of the NIC structure 
to a spectrum analyser with port one terminated with a matched load shows spikes within the 
frequency band where the transistor is active as shown in Fig.5.5. Any attempt to damp the 
oscillation which includes adding a 100Ω resistor in series with the NIC core and using 
2200nH inductors on the bias lines failed to bring the oscillation under control. Also the fact 
that the oscillation was not obvious within the circuit simulator when using the K and B1 
stability test methods made it difficult to stop the oscillation.  
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Fig.5 5 . Spectrum of oscillating NIC  
 
5.2.2. Prototype 2 
Prototype 2 used the NXP BFS 17 transistor and used the same structure as shown in Fig.5.4. 
The measured S11 and S22 of the structure at the measurement ports are shown in Fig.5.6. It 
should be noted that this still exhibits Foster performance as it rotates clockwise around the 
Smith chart. The clockwise rotation is due to the connecting transmission lines and additional 
elements added between the measurement port and the NIC terminals. Figure 5.7 shows the 
de-embedded NIC performance, which shows non-Foster performance by a section of the 
locus having anti-clockwise rotation around the Smith chart. The reactance against frequency, 
Fig.5.8, also shows a negative slope, which is characteristic of non-Foster elements. 
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Fig.5 6 Measured input and output impedance plot of NIC structure 
 
 
  
 
Fig.5 7 De-embedded Measured Impedance plot of the NIC 
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In Fig 5.7, between 480MHz and 595MHz, which are represented by points A and B 
respectively, it can be observed that the NIC does not exhibit the expected non-Foster 
performance, because of the clockwise rotation around the Smith chart. This can also be 
noticed in the impedance against frequency plot in Fig 5.8. This may be attributed to a series 
resonance observed within this frequency band. This can also be observed in Fig.5.10 where 
the negative capacitance across the terminals can be seen to go through a series resonance 
within this frequency band. The resultant values of the capacitance and inductance shown in 
Fig.5.10 were obtained from the de-embedded measured reactance of the NIC using eq 3.3. 
This also leads to a higher loss observed in the NIC within this frequency band as seen in 
Fig.5.9.  
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Fig.5 8 De-embedded reactance plot of the NIC 
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The insertion loss through the NIC is shown in Fig. 5.9. This is essentially the de-embedded 
S21 of the NIC circuit. It is seen that it is lossy within the frequency band where the negative 
capacitor goes through resonance. Outside this frequency band the loss is better than 7dB up 
to the cut off frequency of 1.5GHz.  
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Fig.5 9 Gain through the NIC 
 
The series capacitance and inductance seen between the ports of the NIC is shown in 
Fig.5.10. It can be noticed that the values changes with frequency as expected (Eq. 3.3 and 
Fig.3.4). It can be seen that at higher frequencies above 700MHz, the NIC is more inductive 
than capacitive. These values can be computed from the measured reactance of the de-
embedded NIC using equations 3.2 – 3.4. This behaviour can also be observed by looking at 
the impedance plots on a Smith chart (Fig.5.7) where the locus crosses between the negative 
capacitive region into the inductive region. It should also be noted that the capacitance and 
inductance are frequency dependent. The Q of the resultant element is computed using Eq. 
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5.1 and is shown in Fig.5.11. The Q obtained is low when compared to commercially 
available reactance elements and this due to the high loss through the NIC. Improving the low 
of the NIC would definitely increase the Q value of the negative impedance. 
Q =  |X|R  (5.1) 
where X is the reactance of the NIC and R is its resistance. 
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Fig.5 10 The capacitance and inductance of the de-embedded NIC 
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Fig.5 11 Q of the de-embedded NIC 
 
5.3.  Antenna and NIC matching 
5.3.1 Simulation 
Due to the complexity involved in realising a single element NIC, it was decided to revise the 
matching network earlier described in chapter 3 to a single negative element matching 
network. The de-embedded single NIC, prototype 2, was used to match the antenna described 
in section 3.2.1 (chassis antenna) along with a positive lumped element inductor. The revised 
matching network is shown in Fig. 5.12a. To simulate the performance, the S - parameters of 
the antenna is combined with the S - parameters of the measured and de-embedded NIC 
along with the S - parameters of the inductor. 
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(b) 
(L = 14.5nH and C = 7pF) 
Fig.5 12 (a) The revised antenna matching network. (b) The passive matching network 
 
The S parameters of the NIC and the inductor are imported into CST as s2p files. These are 
then combined with the simulated antenna in the circuit simulator in CST to generate the 
antenna return loss, shown in Fig.5.13. A better than -6dB return loss was obtained between 
0.647GHz – 1.5GHz. For comparison, a passive matching network was also used to match 
the same antenna in CST. The passive matching network is shown in Fig.5.12b and it consists 
of a series inductor of 14.5nH and a shunt capacitor 7pF. The return loss obtained with the 
single NIC element matching network can be seen to be better than what is obtainable with 
passive matching as shown in Fig.5.13. The comparison shows that NIC can indeed provide 
wideband matching of an antenna. 
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Fig.5 13 . Antenna return loss using revised NIC matching network and passive matching 
network 
 
It is known that loss helps improve return loss [4], so the NIC matched antenna is also 
compared to a lossy passive matched antenna and a purely resistive matched antenna. 
The lossy passive matching network consists of the matching network used in a purely 
reactive matching network, along with a resistor whose value is chosen to ensure that the 
return loss is similar to or better than that which is obtainable with the NIC based matching 
network. The matching network is shown in Fig.5.14. 
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(L = 7.9nH. C = 6.1pF and R= 23Ω) 
Fig.5 14 Lossy passive matching network 
The purely resistive matching network consists of a resistor to ground as shown in Fig.5.15. 
The value of the resistor is also chosen to obtain similar or better return loss as compared 
with the NIC matched antenna.  
R
 
  (R = 29Ω) 
Fig.5 15.  Resistive matching network. 
The effect of different antenna matching methods on both antenna return loss and total 
efficiency are shown in Figs.5.16 and 5.17, respectively. 
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Fig.5 16 Simulated antenna return loss of the different matching networks 
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Fig.5 17 Simulated total efficiency of antenna with different matching networks 
 
From the results, it can be observed that of the three different matching networks that yield 
broadband matching, namely lossy passive, NIC and resistive, the NIC matched antenna 
performs best by up to 5dB when compared to the lossy passive matched antenna. This means 
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that the loss through the NIC is not being used to improve the antenna return loss but the non-
Foster performance has an impact on the antenna performance as expected. In Fig.5.17, the 
NIC matched antenna has a dip in total efficiency at 0.6GHz, this is due to the almost total 
reflection experienced at this frequency indicated by the S11 of close to 0dB (Fig.5.16). 
When the antenna efficiency of the NIC matched antenna is compared with the passively 
matched antenna, it is clear that the passively matched antenna achieves a higher peak 
efficiency of -2dB at 0.85GHz but it degrades rapidly at frequencies outside a relatively 
narrow band whereas the NIC matched antenna has a better total efficiency over a wide 
frequency range. Therefore, the NIC matched antenna would have a better efficiency-
bandwidth ratio when compared to the passively matched antenna. The passively matched 
antenna would clearly serve best in a narrow band scenario.  
 
5.3.2 Measurements 
The feasibility of integrating the NIC matching circuit was considered in order to validate the 
simulations and to investigate the practical difficulties. To use the matching network in 
Fig.5.12, it is important to locate the upper terminal of the NIC a distance from the inductor 
and antenna that is small compared to a wavelength. In prototype 2, the terminal is accessible 
if the connector and transmission lines are removed but not sufficiently to enable a shunt 
connection to earth. Figure5.18 shows the difficulty of shorting the second terminal of the 
NIC while still maintaining a connection to the antenna and the associated bias networks. For 
this reason, this was not attempted. 
Also, implementing a single element NIC with the required bias network using the current 
fabrication methods would require more than 20% of the ground plane as can be seen from 
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Fig.5.18. In practice, as this antenna is geared for use in a mobile or handheld device, this 
amount of space would not be available for the antenna. Hence, it would be necessary to look 
at alternate means of fabrication that reduces the overall size of the NIC circuit and makes it 
easier to implement on the chassis antenna. The ground plane of the chassis antenna is also 
the radiating element because the surface current on the antenna is primarily on the ground 
plane. Therefore by etching in the NIC into the ground plane would disrupt the surface 
current and effectively change the antenna impedance and this makes it difficult to simply 
integrate the NIC and this antenna together.  
 
 
 
 
Fig.5 18. Proposed NIC matched chassis antenna 
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5.4.  Noise and Linearity Measurement  
5.4.1.  Antenna Equivalent Circuit 
Fabricating a fully integrated NIC matched chassis antenna is difficult as noted in the 
previous section. Because of these difficulties, it was decided to design an equivalent circuit 
which represents the antenna between 0.7 GHz - 1 GHz. The equivalent circuit comprises of 
a CPW line, a capacitor in series with an inductor in shunt as shown in Fig. 5.19 with the 
corresponding values of the elements that make up the equivalent circuit. The equivalent 
circuit aims to transforms a 50Ω port impedance into what the simulated antenna impedance 
would be at its feed point through a CPW transmission line and the three lumped elements. 
The magnitude and phase plots of the equivalent circuit’s S22 is compared with the simulated 
antenna’s s-parameters and shown in Fig. 5.20. In Fig.5.20, it can be seen that there is 
agreement between the simulated antenna and the equivalent circuit in terms of return loss 
magnitude especially within the frequency range of interest (700MHz – 1000MHz). The 
values of the elements within the equivalent circuit were obtained by curve fitting. 
 
Fig.5 19 Antenna equivalent circuit 
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Fig.5 20 Magnitude and phase plot of antenna equivalent circuit and measured antenna 
 
The equivalent antenna circuit is realised like the standalone NIC described in section 5.1. It 
is double layered, with a common ground plane in between. Vias connect the two layers 
together. The 50Ω port termination is transformed to the impedance seen at the feed point of 
the chassis antenna through a 17.5mm CPW line, a series capacitance of 1.7pF and a 
capacitor and an inductor of 5.6pF and 3.3nH to ground. The impedance measured at port 2 is 
comparable to that of the chassis antenna at the feed point. 
The equivalent circuit described above was combined with the NIC based matching network 
as shown in Fig.5.21a. The measured S22 of this equivalent NIC matched antenna circuit is 
shown in Fig. 5.21b. It shows a match of better than -10dB within the frequency range of 
0.7GHz – 1GHz. This frequency range is chosen because there is reasonable agreement 
between the antenna and the equivalent circuit between 0.7GHz and 1GHz as seen in 
Fig.5.20. Outside this range, it can be seen that there is a significant difference between the 
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antenna and the equivalent circuit. Therefore the decision was made to characterise the noise 
and linearity of the NIC matched antenna within this frequency range. 
 
(a) 
 
 (b) 
Fig.5 21 (a) Equivalent antenna matched with NIC matching network and (b) Measured S22 
of equivalent antenna matched with NIC matching network 
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5.4.2. Noise measurement 
The antenna noise temperature is a measure that describes the noise power received by the 
antenna at a given frequency. It can be obtained by integrating the product of the antenna 
directivity and the brightness temperature distribution of the environment over the entire 
space. The brightness temperature of the environment is dependent on many noise sources: 
cosmic, atmospheric, man-made and ground. The noise power received at the antenna 
terminals is [5]: 
𝑁 = 𝐾𝑇𝑎𝐵 5.2 
 
Where K is Boltzmann coefficient, Ta is the antenna noise temperature and B is the 
bandwidth of the system receiver. In this case the antenna noise temperature within an NIC 
matched antenna would consist of all the above noise sources as well noise coming from the 
use of active devices, transistors. This section shows the result of the added noise from using 
the NIC.  
The equivalent circuit in section 5.4.1 is used to measure the noise performance of the 
representative NIC matched antenna. This is compared with using a purely resistive matching 
network.  
For this measurement, we used the Y – factor measurement technique [6]. A pre-calibrated 
noise source with a known Excess Noise Ratio (ENR) which can be turned on and off is 
required, and a source from Noise Com Inc was used. This requires a DC voltage supply of 
28V.  
The ENR of the noise source is given by [6]: 
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  ENR =  TsON −  TsOFFT0  (5.3) 
where, 
 TsON  is the noise temperature of the noise source when it is ON and  
 TsOFF is the noise temperature of the noise source when it is OFF 
 T0 is the reference temperature 
In the case of pre-calibrated noise sources, 
TsOFF = T0 = 290K (5.4) 
The measurement setup is shown in Fig. 5.22. It can be seen that the noise source is 
connected to port 1of the DUT (Device under test) which is the equivalent circuit, whilst the 
output port of the DUT is connected to a LNA (Low Noise Amplifier). The output of the 
LNA is connected to the spectrum analyser which is used to measure the noise power as the 
noise source is turned ON and OFF. The LNA is optional and it is only required to amplify 
the noise power beyond the noise floor of the spectrum analyser. If the option to use the LNA 
is chosen, there is a need to calibrate the measurement set up to determine the exact noise 
contribution of the LNA prior to use in the noise measurement setup.  
LNA
Spectrum Analyser
DUTNoise Tube
 
Fig.5 22 Setup for noise measurement. 
 
Port 1 
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The ratio of the measured noise power in the spectrum analyser when the noise source is 
switched on and off is the Y- factor.  This is also equivalent to the ratio of noise temperature. 
 
Y =  NONNOFF  =  TONTOFF (5.5) 
where 
 NON  =  Measured noise power when noise source is ON, 
 NOFF  =  Measured noise power when noise source is OFF, 
 TON  =  Measured noise temperature when noise source is ON and 
 TOFF  =  Measured noise temperature when noise source is OFF 
Now, 
TON =  Tsys + TsON 
TOFF =  Tsys +  TsOFF (5.6) 
where, 
 Tsys   is the noise temperature of the measurement set up.  
Power measurements were taken at frequencies in steps of 0.01GHz, between 0.7GHz and 
1GHz.  The noise factor of the measurement system, Fsys, is found from the noise 
temperature of the measurement system by [6] 
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Fsys = 1 + TsysT0  (5.7) 
Because the measurement set-up involves multiple components which eventually contribute 
to the overall measured noise, it is necessary to have a second stage correction via which the 
noise factor of the DUT is extracted. This second stage correction is based on the noise 
contribution seen for a cascaded system of noise and it is done using the Friis formula for 
noise factor [7]. 
                                Fcascade =  F1 +  � Fi −  1G1G2 … … . Gn−1n
i=2
 
(5.8) 
Where Fi and Gi are the noise factor and gain of the ith stage in a cascaded system 
The extracted noise figure of the DUT given by  
NFDUT(dB) =  10 log FDUT (5.9 
From Fig.5.22, the DUT is the 2nd stage of the system, therefore, F2 extracted from Fsys using 
eq. 5.8 is the FDUT. 
The noise figure of the DUT is then used to calculate the signal to noise ratio (SNR) of the 
DUT. This is compared with the SNR obtained from a purely resistive matching network, 
which gives a similar antenna return loss within the same frequency band. The SNR 
advantage (SNRadv) of the NIC matched antenna over the lossy matched antenna is computed 
using the eq. 5.10 [6] and shown in Fig 5.23. 
          SNRadv = �SNIC −  Slossy� −  (NFNIC −  NFlossy) (5.10) 
where, 
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 SNIC  is the gain with NIC matching and  
 Slossy is the gain with purely resistive matching 
It can be seen that in Fig. 5.23, there is a significant SNR advantage over a wide frequency 
range, with a peak advantage of 17dB at 750MHz. This can be compared with the result in 
Fig.5.17 which showed an antenna efficiency improvement of the order of 5dB. Also this 
means that there is less noise generated from the NIC when compared to the purely resistive 
matching network. From the initial results in Fig.5.17, it is clear that the NIC would have a 
better gain when compared to the purely resistive matching network (Appendix D for 
relationship between gain and efficiency). In transistors, the noise increases with frequency, 
this therefore explains the downward slope with increasing frequency (Appendix A). This 
result is similar to that obtained by Sussman-Fort and Rudish [8] in which they showed a 
peak SNR advantage of 25dB at 40MHz and a useful advantage over the frequency range of 
30MHz and 60MHz. 
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Fig.5.23 SNR advantage of a NIC matched equivalent antenna over a resistive matched 
equivalent antenna 
 
5.4.3.  Linearity measurements 
NIC consists of transistors, which are inherently non-linear devices. There is therefore a need 
to check the linearity performance. This is likely to be particularly important in cognitive 
radio (CR) nodes because of their wideband nature. CR nodes may have to operate at 
frequencies next to high power signals. As the nodes become more prominent in future 
deployments the need for highly linear nodes will increase.  
Linearity measurements usual involve the use of two independent tones separated in 
frequency. These two tones are then fed into the DUT. In a non-linear device, the two tones 
and other harmonics are generated at the output of the DUT. Figure 5.24 illustrates this 
concept. 
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Fig.5 24 Effects of non-linearity in amplifier on two tones 
 
The fundamental tones at the output of the DUT have a 1:1 relationship with the input power 
of the fundamental tones where as the 3rd order products have a 3:1 relationship with the 
input power. In active devices, there exist a saturation point at which the linear 1:1 
relationship between the input power and the output power ceases. If the response of the 
output power is extrapolated beyond the saturation point then the intercept point between the 
3rd order product and the extrapolated fundamental response is called the third order intercept 
point (IP3). This point is shown in Fig. 5.25 below. 
 
Fig.5 25 Third order intercept point [5] 
DUT Input Spectrum 
Output Spectrum 
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 The standard measure of linearity is the 3rd order intercept point (IP3). For this measurement, 
two independent signal tones separated in frequency are generated by a Rohde & Schwarz, 
ZVA 67, Vector Network Analyser (VNA) which has four ports with two independent 
generators. The measurement setup is shown in Fig. 5.26. It consists of the VNA generating 
two independent tones with frequency separation of 1MHz. The two tones are then combined 
in ZAPD-2-21-3W-S+ power splitter before being fed into the DUT. The output of the DUT 
is then fed back through one of the other ports into the VNA where the output power of the 
fundamental tones and the intermodulation signals are measured. The IP3 is then computed 
using the following equations . 
 
Fig.5 26 Inter-modulation measurement set-up 
 
IP3 =  Pout +  ∆IM2 −  G (5.11) 
 
where, ∆IM is the difference between the power levels of the output fundamental signal (Pout) 
and the 3rd order product, and G is the gain of the DUT. 
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The DUT in this measurement is the prototype 2 NIC matched equivalent antenna. The power 
spectrum plot at a fixed frequency of 900MHz with constant stimuli is shown in Fig. 5.27. 
 
 
Fig.5 27 Output power spectrum 
 
Third order products can be seen, as well as the 5th and 7th order products. When the 
measurement described above is done with a frequency sweep between 700MHz to 
1000MHz, the 3rd order intercept points across the 300MHz frequency span were computed 
and the IP3 is shown in Fig. 5.28. 
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Fig.5 28.  3rd Order Intercept point. 
 
The measured IP3 was found to be within the range of similar components of other available 
RF front-end devices. Using the cascaded system IP3 equation, Eq.5.12, it can be seen that 
the impact of an NIC matched antenna will be minimal as the overall IP3 of a receive chain is 
dominated by the linearity of the later stages. The impact in the transmit mode would be 
higher but because the IP3 value is within the range of other devices in the chain, the impact 
is also expected to be manageable. 
 
1IP3sys2 =  1IP312 + � G12G22G32 … … … Gn−12IP3i2n i=2  (5.12) 
Where n = number of stages and G is the gain of the stage 
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5.5. Conclusion and summary 
An NIC with an upper frequency cut-off of 1.5GHz has been shown. The measured NIC has 
been combined in a simulator with a chassis antenna and the wideband performance has been 
achieved. This also showed a better performance than a resistively and lossy matched 
antenna.  An equivalent circuit has been built to represent the antenna within a frequency 
band and it is with this equivalent circuit combined with an NIC that the noise and linearity 
performance of the NIC is investigated. It can be seen that the NIC matched antenna shows a 
Signal to Noise ratio advantage when compared with a resistively matched antenna. It terms 
of linearity, it can be seen that the NIC’s IIP3 of 18dBm is within range of commercially 
available RF front end components. Also because the cascaded IP3 of a system is dominated 
by the later stages also helps limit any impact the IP3 of the NIC matched antenna might have 
on the overall receiver system performance.  
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CHAPTER 6 
COUPLED LINE NEGATIVE IMPEDANCE CONVERTER 
6.1. Background 
The use of negative impedance converters (NIC) in broad band matching of antennas has 
been shown in the previous chapter. There are however some disadvantages and limitations 
with using an NIC that uses the Linvill’s two transistor model. Some of these limitations are 
listed below: 
1. The Linvill’s NIC is based on the use of two transistors, and as a consequence there is 
the possibility of a build up of current in the feedback paths between the two 
transistors which will ultimately lead to oscillation, as the two transistors have gain. 
The frequency of oscillation is dependent on the length of the feedback path as 
discussed in chapter 4. 
2. The use of two active devices also makes biasing more complicated. The bias network 
occupies a large area and hence practical implementation of an NIC matched antenna 
using the Linvill’s model is very difficult using standard PCB (Printed Circuit Board) 
technology. 
3. The use of two active devices (transistors) is likely to be a source of high noise levels 
and low linearity. Reducing this number could improve the noise and linearity. 
The common characteristic with all the above mentioned limitations is the use of active 
devices, which in this case is the transistor. If there was a means of achieving non-Foster 
elements without active devices or reducing the active device count, then it might be possible 
to reduce these complexities and limitations. Therefore, there is a need to find an alternative 
method of realising non-Foster elements with less complexity.  
130 
 
Sussman-Fort in [1], introduces an alternative to the two transistor Linvill NIC. He used a 
transistor along with a transformer to realise non-Foster elements. This new circuit does offer 
an alternative, but the use of a transformer means that it is difficult to implement at higher 
frequencies and on PCBs. The schematic of the transformer based NIC is shown in Fig. 6.1, 
in the form of a single terminal NIC. The element to invert, ZL, is connected between the 
collector of the transistor and one of the terminals of the secondary winding in the 
transformer. It should also be noted that the secondary windings have been flipped in order to 
achieve the phase inversion required for realising the non-Foster element. The resultant 
impedance seen at the terminal of the NIC (Zin) is a ratio of the impedance to invert to the 
turn ratio, - ZL
n
. 
 
 
Where ZL is the impedance to invert and n is the turns ratio of the transformer 
Fig. 6. 1 Transformer based NIC [1] 
 
In this chapter, a new NIC circuit is proposed. It uses a single transistor and a pair of coupled 
transmission lines. It is expected that this new circuit, henceforth referred to as the coupled 
line NIC, would address the limitations of the two transistor NIC such as noise and linearity. 
It may not completely solve the problem as there are still active devices within the circuit but 
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because the active element count has been halved, it is expected that there would be 
significant improvements. It is also expected that the use of a single active device would 
make it easier to implement a fully integrated NIC matched antenna because of less demand 
on space by the circuit and its associated bias network. 
6.2. The Coupled Line NIC 
The basic idea behind the NIC is the ability to present the voltages from one end of the NIC 
circuit to the opposing side of the impedance to invert. With Linvill’s NIC, this is achieved 
with the use of the feedback paths. Using the coupled lines in the coupled line NIC, it is 
possible to achieve this same impedance inversion although in a different and subtle way as 
shown by the analysis given in section 6.2.1. The schematic of the coupled line NIC is shown 
in Fig.6.2. It consists of a transistor and pair of CPW coupled line. 
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Fig. 6. 2 The coupled Line NIC schematic 
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6.2.1 Coupled line equivalent circuit 
In order to analyse this schematic, the coupled line has been replaced with a simple “T” 
network equivalent as shown in Fig.6.3. A typical lossless transmission line can be 
approximated by an L shaped network consisting on impedance in series and another shunt to 
ground as shown in Fig.6.3b [2]. Therefore in the case of a coupled line whose ends are 
joined together and grounded, Fig.6.3c can be used to represent the grounded coupled lines. 
Also to simplify the coupled line NIC analysis, the coupled line NIC would be analysed as a 
single port device thereby grounding port 2 in Fig.6.2. The grounded coupled line section in 
Fig.6.3a can be represented by an equivalent “T” network as shown in Fig.6.3b. The 
impedances Zs and Zp are inductors and their values can be obtained by using the following 
equations and analysis. The shunt impedance is represented as two 2Zp impedances in parallel 
in order to maintain the symmetry of the equivalent circuit structure. 
 
1 2
                                            
Zs
Zp
21
 
(a)                                      (b) 
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(c) 
Fig. 6. 3  (a) The grounded coupled line section (b) Equivalent circuit of a 
transmission line  (c) The equivalent T network 
 
In odd mode, Fig.6.3b reduces to Fig.6.4a because there is a virtual ground created at point A 
in the middle of the equivalent circuit. While in the even mode, Fig.6.3b reduces to Fig.6.4b 
because of the open circuit that develops at point A in the equivalent circuit. 
            
1
Zs
                                                  
Zs
2Zp
1
 
(a)               (b) 
Fig. 6. 4  (a) Equivalent T network in odd mode and (b) Equivalent T network in even mode. 
 
 
Therefore,  
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Zs =  Zin odd and  Zin even = Zs +  2Zp (6.1) 
However,  
Zin odd =  jZodd tan θodd (6.2) 
and 
Zin even =  jZeven tan θeven (6.3) 
Therefore,  
ωLs = Zin odd =  jZodd tan θodd (6.4) 
 
ωLp =  Zp =  Zin even -Zin odd2  (6.5) 
 
ωLp =  Zp =  j2 (Zeven tan θeven - Zodd tan θodd) (6.6) 
 
The values of Zeven, tan θeven, Zodd and tan θodd are the impedance and electrical length of the 
coupled line section in even and odd mode. These values were obtained via simulation of the 
coupled line and the values of the corresponding inductors Lp and Ls are calculated using 
equations 6.4 and 6.5 at spot frequencies. The computed values of Lp and Ls are then 
optimised using AWR for best results. The resultant equivalent circuit has Lp = 0.57nH and 
Ls = 1.234nH. Fig.6.5 shows S21 magnitude and phase comparison between the coupled line 
and the equivalent circuit, the S21 was compared because it shows the transmission 
characteristics of the circuit and schematic. There is a reasonable agreement between the two 
schematics. The lack of perfect agreement is due to the fact that the values of the inductors 
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were computed at specific frequency (1 GHz) and these inductors are also frequency 
independent.  
 
Fig. 6. 5 Comparison of simulated S21 of grounded coupled line section and equivalent circuit 
 
6.2.2 Coupled Line NIC Analysis                            
The current source in Fig.6.2 representing the collector terminal of a transistor can be 
transformed into a voltage source as shown in Fig.6.6. Given that there is agreement between 
the coupled line section and its equivalent T network as shown in Fig.6.5, the coupled line 
section can also be replaced by its element equivalent in the analysis in order to be able to 
perform a circuit analysis.  
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rc V
rc
αI1
 
Fig. 6. 6 The transformation between a current source into a voltage source. 
 
Where  
V = αI1rc (6.7) 
Replacing the current source with its equivalent voltage source and the coupled line with its 
equivalent circuit, the coupled line NIC can be represented as shown in Fig.6.7 and it is this 
schematic on which the analysis is based. 
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re
rb
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V2
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V8
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IL
V3
rc
Zs Zs
Zp
 
Fig. 6. 7 Equivalent circuit for the coupled line NIC 
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From Fig.6.7,  
V2 =  V1- I1re (6.8) 
 
V4 =  V2- (1-  ∝)I1rb =  V1- I1re-(1- ∝)I1rb (6.9) 
 
V4- V7 = (1-  ∝)I1Zs (6.10) 
 
IL =  V2 + V3-V7rc + ZL + Zs (6.11) 
 
IL =  V1-I1re +∝ I1rc-(V4- (1- ∝)I1Zs)rc +  ZL + Zs  (6.12) 
 
IL =  V1-I1re+∝ I1rc-V1 +  I1re + (1-  ∝)I1rb + (1-  ∝)I1Zsrc +  ZL + Zs  (6.13) 
 
IL =  ∝ I1rc +  (1-  ∝)I1rb + (1-  ∝)I1Zsrc +  ZL + Zs  (6.14) 
 
V7 =  V8 + Zp(IL + (1- ∝)I1) (6.15) 
 
V7 =  V8 + ZpI1 �∝ rc +  (1- ∝)rb + (1-  ∝)Zsrc +  ZL + Zs +  (1-  ∝)� (6.16) 
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V7 =  V4-(1-  ∝)I1Zs (6.17) 
 
V7 =  V1- I1re-(1- ∝)I1rb-(1-  ∝)I1Zs (6.18) 
 
 
Equating 6.16 and 6.18 
V1- I1re-(1- ∝)I1rb-(1-  ∝)I1Zs=  V8
+ ZpI1 �∝ rc +  (1- ∝)rb + (1-  ∝)Zsrc +  ZL + Zs +  (1-  ∝)� 
(6.19) 
 
V1-V8I1 =  re + (1- ∝)rb + (1- ∝)Zs
+ Zp �∝ rc + (1- ∝)rb + (1-  ∝)Zsrc +  ZL + Zs +   (1-  ∝)� (6.20) 
 
Zin =  re + (1- ∝)rb + (1- ∝)Zs
+ �∝ rcZp + (1- ∝)rbZp + (1- ∝)ZsZprc +  ZL + Zs �+ (1- ∝)Zp 
(6.21) 
If the collector impedance rc is represented as a complex impedance Zc then, equation 6.21 
becomes 
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Zin =  re + (1- ∝)rb + (1- ∝)Zs+  �∝ ZcZp + (1- ∝)rbZp + (1- ∝)ZsZpZc +  ZL + Zs �+  (1- ∝)Zp 
 
(6.22) 
 
Zin =  re + (1- ∝)rb + (1- ∝)Zs+ �ZcZp + (1-  ∝)Zp(rb + 2Zs + ZL)Zc +  ZL + Zs � 
 
(6.23) 
Assume that α ≅ 1 
 
This implies that  
 
Zin =  re +  ZpZcZc +  ZL + Zs 
 
(6.24) 
 
Zin ≅  re +  Zp � 11 +  ZL + ZsZc � 
 
(6.25) 
 Applying binomial theorem equation 6.25 can be approximated as 
Zin =  re +  Zp �1- ZL + ZsZC �  ≅  re +  Zp-  ZpZc ZL-  ZpZc Zs 
 
(6.26) 
 
In the case where the collector impedance is purely imaginary and inductive then equation 
6.26 becomes 
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Zin  ≅  re + Zp- βZL- βZs (6.27)  
Where β is constant =  
Zp
Zc
 
The input impedance seen across the terminals of the coupled line NIC has been shown to 
exhibit anti-Foster behaviour at specific conditions (when the collector impedance is 
reactive). In order to demonstrate this further, a simulation of the NIC structure using the               
s – parameters of the transistor is necessary as this would give the chance to utilise the 
transistor in its real state where the other parasitics within the transistor and the rest of the 
structure can be introduced into the analysis. 
6.3. Simulations of Coupled Line NIC 
To prove this concept, the coupled line NIC was simulated in AWR design environment. It 
consists of a single transistor and an edge coupled co-planar waveguide (CPW) line. Each 
transmission line that makes the coupled line section is 2mm wide and 6mm long. The gap 
between the two conductors is 0.4mm. These values were chosen to make the coupled line 
shorter than λ/4 and then optimised for best performance. The circuit schematic is shown in 
Fig 6.8. The impedance to invert is between the drain or collector of the transistor and the 
coupled line section. The negative element occurs between the source or emitter of the 
transistor and the two ends of the coupled line which have been joined together to form the 
other terminal of the coupled line NIC. Measurement ports are attached to the ends of these 
terminals to measure the S- parameters.  
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Fig. 6. 8 Schematic for the coupled line NIC 
 
For the simulation, the S – parameters of NXP BFS17 transistor was used. The circuit is 
connected as shown in Fig 6.8 and the capacitor to invert is 6.5pF. The transistor is biased at 
5V and 20mA. Fig 6.9 shows the input and output impedance plots of the coupled line NIC 
on a Smith chart. It can be seen to exhibit the non-Foster characteristics with the anti-
clockwise rotation along the Smith chart. The resultant locus of the non-Foster element is 
observed to go outside the Smith chart. This shows that the resultant negated capacitor 
includes an inherent resistance. Sources of the resistance include losses from the coupled line 
section and the terminal resistances of the transistor.  Therefore, during measurement, 
positive elements would be added between the NIC and the measurement ports to make the 
NIC measureable and these added elements would be de-embedded as previously done and 
explained in chapter 5. 
WS1
S2
W S1
1
2
3
4
CPW2LINE
ID=CP1
W1=2 mm
S1=0.4 mm
S2=0.4 mm
L=6 mm
Acc=1
CAP
ID=C1
C=6.5 pF
1
2
3
SUBCKT
ID=S1
NET="Spar_BFS17_5V20mA"
PORT
P=1
Z=50 Ohm
PORT
P=2
Z=50 Ohm
142 
 
 
Fig. 6. 9 Simulated S11 and S22 of coupled line NIC 
 
The negative reactance slope that characterises non-Foster elements is also evident as shown 
in Fig.6.10. The coupled line NIC structure is asymmetric unlike the Linvill’s NIC but it is 
reciprocal as can be seen in its S21 and S12 plots shown in Fig 6.11. 
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Fig. 6. 10 Simulated reactance of coupled line NIC of Fig. 6.8 
 
 
Fig. 6. 11 Simulated S21 and S12 of coupled line NIC of Fig. 6.8. 
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The capacitance against frequency plot is also shown in Fig 6.12 and it can be seen to exhibit 
the frequency dependence, like the negative capacitances obtained using the Linvill’s NIC. 
Looking at the capacitance against frequency plot, it would be observed that the negative 
capacitance only occurs between 743MHz to 1500MHz. Below this range the coupled line 
NIC behaves like a negative inductor as shown in Fig. 6.12. This can also be observed from 
the other figures (Fig.6.9, 6.10). In Fig. 6.9, the locus of the simulated coupled line NIC starts 
out in the inductive region of the Smith chart before going into the capacitive region at 
743MHz. The same can be observed in the reactance plot where a resonance is observed at 
this same frequency (Fig. 6.10). 
 
 
Fig. 6. 12 Simulated capacitance and inductance with coupled line NIC 
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6.4. Stability Analysis 
Stability is still an important factor to consider in the coupled line NIC. To realise a stable 
and measureable NIC, it is necessary to have a means of predicting the stability of the 
coupled line NIC. The result of this analysis would also help with the choice of transistor 
used in the NIC. To perform a stability analysis, the T network representing the coupled line 
section is used. 
As the coupled line NIC is not symmetrical, it is not possible to apply any form of 
simplification to the circuit, as was applied to Linvill’s NIC. Fig. 6.13 below shows the 
equivalent circuit of the coupled line NIC. The capacitor Cin is the capacitor to invert and this 
also doubles as a DC blocking capacitor within the bias network. Resistor rc is the collector 
resistance for the transistor in common base mode. Using the transfer function analysis 
similar to that in [3], a stability analysis was done. Ls1, Ls2 and Lp are the impedance 
calculated using equations 6.1 – 6.6. 
 
rc
Ls1
Ls2
Lp
gmV1
Cin
V2
 
Fig. 6. 13 The Equivalent circuit of the coupled line NIC with current source. 
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Transforming the current source to its equivalent voltage source as shown in Fig.6.7, the 
coupled line NIC equivalent becomes Fig.6.14. Where the voltage is gmV1rc and the current 
through the resistance rc is gmV1. 
rc
Ls1
Ls2
LpCin
V2
gmV1rc
 
Fig. 6. 14 The Equivalent circuit of the coupled NIC with voltage source. 
 
The total impedance, XT, seen from the output V2 can be obtained by replacing the voltage 
source with a short circuit and XT can be obtained as shown in Fig.6.15.  
rc
Ls1
Ls2
LpCin
XT
 
Fig. 6. 15 Total impedance of the coupled line NIC 
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Transforming the series combination of rc, Cin, Ls1 is X1 
X1 =  rc + 1sCin + sLs1 (6.28) 
 
X1 =  s2Ls1Cin + srcCin + 1sCin  (6.29) 
 
X2 is the parallel combination of X1 and Ls2 
1X2 =  1X1 + 1sLs (6.30) 
 
1X2 =  sCins2Ls1Cin + srcCin + 1 +  1sLs2 (6.31) 
 
1X2 =  s2Ls2Cin + s2Ls1Cin + srcCin +  1(sLs2)(s2Ls1Cin + srcCin + 1)  (6.32) 
 
Since Ls1 = Ls2, both are set to Ls from hereforth. 
X2 =  s3(Ls2Cin) + s2rcLsCin + sLs2s2LsCin + srcCin +  1  (6.33) 
 
XT =  X2 + sLp (6.34) 
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XT =  s3(Ls2Cin) + s2rcLsCin + sLs2s2LsCin +  srcCin +  1 +  sLp (6.35) 
 
XT
=  s3(Ls2Cin) + s2rcLsCin + sLs +  sLP(2s2LsCin + srcCin +  1)2s2LsCin +  srcCin +  1  
(6.36) 
 
Fig.6.14 can thus be reduced to Fig.6.16 below 
 
V2gmV1rc
XTgmV1
 
Fig. 6. 16 Equivalent coupled line NIC schematic with total impedance 
 
V2 =  gmV1XT (6.37) 
 
V2V1 =  gmXT (6.38) 
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V2V1
=  gm �s3(Ls2Cin) + s2rcLsCin + sLs +  sLP(2s2LsCin +  srcCin +  1)2s2LsCin +  srcCin +  1 � (6.39) 
 
The poles of the transfer function can be obtained by examining the roots of the denominator 
of equation 6.39. Because this is a quadratic equation and the coefficient of the second term, 
(s), being positive means that the poles of the transfer function would always be on the 
negative side of the complex s – plane. This therefore implies that the NIC would be 
unconditionally stable. 
 
6.5. Realisation of Coupled Line NIC 
The coupled line NIC was realised as a single layered structure, with a ground plane beneath. 
It has an overall size of 50mm × 20mm.  The transistor, capacitor to invert, the bias network 
and the coupled line section are all on the top side of the board with a ground plane 
underneath. The complete structure is shown in Fig.6.17. The coupled line used for this 
design is grounded CPW which is 6mm long. The individual transmission lines that make up 
the coupled lines are 2mm wide. They are separated from each other and from the ground 
plane by 0.4mm. The substrate used is the Taconic TLY – 5 with thickness of 1.57mm, di-
electric constant of 2.2 and loss tangent of 0.0009. The copper ground plane conductor has a 
thickness of 0.035mm. 
The capacitor to invert is 0.1pF and this also doubles as a DC blocking capacitor and there is 
another 2pF DC blocking capacitor between the base terminal of the transistor and the other 
transmission line in the coupled line. The transistor used in the NXP BFS17 which has a 
150 
 
transition frequency of 1.5GHz biased at 5V and 20mA. Table 6.1 contains the details of all 
the elements used in realising this NIC. 
Table 6. 1: Components used in the NIC 
(Datasheets are given in Appendix) 
Component Manufacturer Value 
Transistor AVAGO BFS-17 
Capacitor AVX 0.1pF, 2pF 
Inductor Coilcraft  1.8nH, 22nH 
Resistor Panasonic  33Ω, 10Ω and 10KΩ 
Substrate Taconic  TLY-5 
 
Fig. 6.17b shows the layout. As negative elements could contain negative resistance and 
hence would be inherently unstable and un-measurable, there is a need to add positive 
elements between the measurement ports and the terminals of the NIC. The NIC terminals are 
points A and B in Fig.6.17b. A finite length of the connecting transmission line (17.5mm), a 
10Ω resistor in series and a 2pF capacitor in shunt between the measurement ports and points 
A and B means that the NIC performance must be de-embedded from the measured results of 
the structure.  
 
(a) 
151 
 
 
Resistor
Capacitor
Bias resistors
Transistor
Transmission 
Line
Bias 
Inductor
Coupled 
Line
20mm
19.5mm
50mm
3.5mm
A B
 
 (b) 
Fig. 6. 17 Coupled Line NIC prototype (a) Photograph (b) Layout schematics 
 
6.6. Measured Results 
The coupled line NIC structure described above in section 6.5 has been built and measured. 
Fig. 6.18 shows the S11 and S22 of the structure. It should be noticed that the S11 and S22 still 
exhibit the Foster element characteristics of clockwise rotation around the Smith chart. This 
is due to the other elements added between the NIC and the measurement ports. To obtain the 
performance of the NIC, its characteristics must be de-embedded from this result.  
Fig. 6.19 shows the de-embedded results of the coupled line NIC. The non-Foster 
characteristics are clear to see by the anti-clockwise rotation of S11 and S22 around the Smith 
chart.  
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Fig. 6. 18. Measured result 
 
Fig. 6. 19. De-embedded Measured Result for Coupled Line NIC 
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In Fig. 6.19, the locus of S22 of the de-embedded result still shows some Foster element 
characteristics between 400MHz and 733MHz. This behaviour is better seen in Fig. 6.20 
where the reactance seen through port 2 of the de-embedded NIC increases with increase in 
frequency. Beyond this point, the reactance seen from the two ports are non-Foster.  
 
Fig. 6. 20. Measured reactance of coupled line NIC 
 
The capacitance through port 1 of the coupled line NIC is shown in Fig. 6.21 and it can be 
seen to have negative capacitance from 0.4GHz to approximately 1.5GHz which is the 
frequency of interest. This result was computed from the de-embedded measured reactance of 
the coupled line NIC. It can also still be seen to exhibit the frequency dependence associated 
with non-Foster elements realised using NICs. A resonance is expected at 1.5GHz as 
indicated by the sharp drop in capacitance. This can also be observed in Fig. 6.20 where the 
net reactance is seen to approach zero. Also in Fig. 6.19, the locus on the Smith chart can also 
be observed to lie mainly in the negative capacitive region but it approaches the inductive 
region of the Smith chart with increasing frequency.  
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Fig. 6. 21. Measured capacitance of coupled line NIC 
 
The gain through the coupled line NIC is shown in Fig. 6 .22. The gain is seen to be between   
-17dB and 6dB within the measured bandwidth. This is higher than what was obtained using 
the Linvill’s NIC design. The resistance in the coupled line NIC is shown in Fig 6.23 and the 
Q of the negative capacitance is computed using equation 6.40 and shown in Fig. 6.24. The 
computed Q is higher than that of the Linvill NIC and this is due to the lower resistance in the 
coupled line NIC compared to the Linvill’s NIC. This can be observed by comparing the real 
part of de-embedded NIC reactance in Fig. 5.7 to that in Fig.6.19. 
 
Q =  |X|R  (6.40) 
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Fig. 6. 22. Gain in measured coupled line NIC 
 
 
Fig. 6. 23. Resistance in coupled line NIC 
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Fig. 6. 24. Q of the coupled line NIC 
 
6.7.  Linearity and Noise Measurements 
6.7.1. Antenna 
In order to measure the linearity and noise contribution of the coupled line NIC in matched 
antenna system, it was decided to design a simple equivalent circuit which could represent an 
antenna, a monopole, within the band within which the coupled line NIC was designed for. A 
17.5mm long and 2mm wide grounded CPW transmission line in series with an 18pF 
capacitor has been used to transform the 50Ω port impedance into what is now seen and used 
as an equivalent antenna. This schematic is shown in Fig. 6.25. The S22 of the antenna 
equivalent circuit is shown in Fig. 6.26 and this represents the antenna return loss. 
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Fig. 6. 25. Schematic of antenna equivalent. 
 
A two port circuit is used to represent the antenna because of the need to  
1. Have a port via which two tones can be injected into the coupled line NIC system for 
linearity measurements and  
2. Attach a 50Ω based noise tube for noise measurement. 
The equivalent antenna circuit described above is then matched with the coupled line NIC. 
The NIC matched antenna is shown in Fig. 6.27. The overall structure is one PCB layer of 
size 26mm x 40mm. The coupled line NIC has a length of 6mm, width of 2mm and the gap 
between the conductors that form the coupled line is 0.4mm. A 2mm grounded CPW 
transmission line connects the NIC matched equivalent antenna to the SMA measurement 
port. The capacitor that is inverted is 7.5pF and there is a 2pF DC bias capacitor between the 
base of the transistor and the coupled transmission line. The complete equivalent structure is 
shown in Fig 6.27.  
The measured S22 of the NIC matched antenna equivalent is shown in Fig. 6.26 and this is 
representative of a matched antenna reflection coefficient. It can be seen that the reactance of 
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the antenna equivalent has been completely cancelled within the frequency band of interest. 
This equivalent matched antenna is then use to characterise the coupled line NIC for noise 
and linearity. 
 
Fig. 6. 26. Measured antenna equivalent and antenna equivalent matched with coupled line 
NIC 
 
Fig. 6. 27. Antenna equivalent matched with coupled line NIC (a) Photograph and (b) Layout 
schematic 
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6.7.2. Linearity Measurement 
To characterise the NIC's linearity, a two tone measurements was undertaken on the coupled 
line NIC matched antenna which is referred to as the device under test (DUT) from here 
forth. The setup is similar to the one described in chapter 5, with frequency separation 
between the two tones being 1MHz.  
Fig. 6.28 shows the results for the fundamental tones, the received tone and the third order 
product of the NIC at 1GHz. The input power is varied from -25dBm to 15dBm. It can be 
seen that the NIC experiences a 1dB compression at 7dBm and this gives an indication of 
what the input power of the two tones should be in order to compute the IP3. When the power 
of the fundamental tones are below 0 dBm, the third order products are found to be within the 
noise floor of the VNA and hence any measurement of the third order products made at this 
point would be misleading. Between 0dBm and 5dBm it can be seen that the slope of the 
measured power of the intermodulation product is 3 times the gradient of the received power 
of the fundamental tones. This region is ideal for setting the input power of the fundamental 
tones for IMD measurements. Above 5dBm, it can be seen that NIC has gone into 
compression, because of the change in gradient of both the received power of the 
fundamental frequency and the IMD products. Hence measurements made above this input 
power level could be misleading. 
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Fig. 6. 28. Power sweep for IMD measurement with antenna equivalent matched with 
coupled line NIC 
 
The power output spectrum from the DUT is shown in Fig. 6.29, where the third order 
products as well as higher order products are clearly visible. Using the data from the levels of 
the third order products as well as the fundamental frequency, the IP3 can be calculated and 
the result is shown in Fig. 6.30. With an average level of 25dBm, the IP3 of the DUT is 
higher than what was obtained with the two transistor equivalent. A comparison of the output 
spectrum between the two NIC realisations methods (Linvill’s and coupled line NIC) would 
reveal that the third and higher order products of intermodulation are lower with the coupled 
line NIC. This places lesser burden on the linearization methods that might be employed if 
higher linearity were required.  
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Fig. 6. 29. Output spectrum from two tone test on equivalent antenna matched with coupled 
line NIC 
 
Fig. 6. 30. Measured IP3 of antenna equivalent matched with coupled line NIC. 
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6.7.3. Noise Measurement 
To characterise the impact of a coupled line NIC matched antenna on the overall noise 
sensitivity of a receiver, a SNR advantage has been calculated for the coupled line NIC 
matched antenna against a lossy matched antenna.  
The Y-factor measurement technique described in the previous chapter has been used to 
calculate the noise figure of the DUT and this has then been used to compute the SNR 
advantage by using equation 6.41 below.  
SNRadv = �SNIC- Slossy�- (NFNIC- NFlossy) 6.41 
 
where SNIC  is the gain with NIC matching and Slossy is the gain with purely resistive 
matching 
It can be seen that the there is an SNR advantage of 10dB or more between 850MHz and 
1.2GHz. It should be noticed that there is a dip below the 10dB advantage between 940MHz 
– 960MHz which coincides with the GSM900 bandwidth. There was an appreciable increase 
in the noise floor of the spectrum analyser within this frequency band and hence the 
measured noise level within the DUT is higher within this frequency range compared to what 
is measured across the rest of the bandwidth. The primary source of noise or interference is 
thought to be from the GSM 900 band. 
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Fig. 6. 31. SNR advantage of antenna matched with coupled line NIC. 
A comparison between the two tone tests of the coupled line NIC and the Linvill's NIC 
(chapter 5, prototype 2) is shown in Fig 6.32 and the SNR adv comparison of the two NIC 
prototypes are also shown in Fig 6.33. From this comparison it is clear that the coupled line 
NIC has a better linearity because the 3rd order inter-modulation products can be seen to be 
about 20dB lower than those of the Linvill's NIC. There is also an appreciable reduction in 
the noise floor of the coupled line NIC. Fig. 6.33 shows the comparison of the SNR 
advantage between the two NIC structures. It can be seen that the coupled line NIC starts to 
have a better SNR advantage from 900MHz and this advantage rises to 10dB at 1GHz. There 
is a dip at 960MHz which can be attributed to interference from the GSM 900 transmitters. 
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Fig.6.32 Two tone output spectrum comparison between coupled line NIC and Linvill's NIC 
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Fig.6.33 SNR advantage comparison between coupled line NIC and Linvill’s NIC 
 
6.8. Conclusion  
In this chapter, an alternative means of realising non-Foster elements has been discussed. Its 
noise and linearity performance have been shown. Because it is achievable as a single layer 
PCB, it is therefore easier to fabricate. The use of a single transistor also helps with the 
stability problems typically associated with the Linvill’s model. It is also less complicated 
and has a lower count on the number of elements required. Because there are no stability 
concerns as shown by the stability analysis, it is possible to demonstrate the NIC at even 
higher frequencies when compared with what is obtainable with the Linvill’s model. It does 
however still have considerable loss through the NIC especially at the lower frequencies as 
can be seen with Q factor, although this is better than what is obtainable within this frequency 
0
5
10
15
20
25
800 850 900 950 1000
SN
R 
Ad
va
na
ta
ge
 (d
B)
 
Frequency (MHz) 
Coupled Line NIC
Linvill NIC
166 
 
range with the Linvill’s model. A comparison between the noise contributions of the two 
different topologies shows the expected results as the coupled line NIC with a single 
transistor has a better SNR advantage over the Linvill’s NIC. Similar performances are also 
experienced during the linearity measurements.  
 
 
References 
[1] S. E. Sussman-Fort and R. M. Rudish, "Non-Foster Impedance Matching of 
Electrically-Small Antennas," Antennas and Propagation, IEEE Transactions on, vol. 
57, pp. 2230-2241, 2009. 
[2] D. M. Pozar, Microwave Engineering, 3Rd Ed: Wiley India Pvt. Limited, 2009. 
[3] A. S. Sedra and K. C. Smith, Microelectronic Circuits Revised Edition: Oxford 
University Press, Inc., 2007. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
167 
 
CHAPTER 7 
COUPLED LINE NIC MATCHED ANTENNA 
7.1. Background 
In this chapter, the coupled line NIC is integrated with a planar monopole antenna. The non-
Foster element obtainable from the NIC makes it possible to obtain a wideband matching of 
the monopole at frequencies lower than the resonant frequency. The reduced complexity 
involved with the coupled line NIC makes it a good option for this integration. Having a 
single active device reduces the bias networks disruptions to the ground plane. Realisation on 
a single layer also makes it easier to integrate with the planar monopole. The stability 
analysis on the coupled line NIC in the previous chapter showed that the NIC would be 
unconditionally stable; hence there is less worry about instabilities and oscillations with the 
overall matched antenna. 
Using the NIC to provide wideband matching to an antenna at lower frequency opens the 
antenna to different scenarios, such as its use in cognitive radio (CR), as a spectrum sensing 
antenna, and its use in transceivers operating within different frequency bands. Also because 
the antenna is now small at the frequency of operation, it is possible to have small antennas 
with wide bandwidths. 
Simulations in this chapter are done in both AWR design environment and CST microwave 
studio. S – parameter files of transistors and surface mount elements are transferred from 
Microwave Office by AWR into CST microwave studio. 
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7.2. The antenna 
The fabricated antenna which is a planar monopole and its printed schematic are shown in 
Fig.7.1. It is printed on a Taconic TLY – 5 substrate 40mm × 58mm with dielectric constant 
of 2.2, loss tangent of 0.0009 and thickness of 1.57mm. The copper on the substrate has a 
thickness of 0.035mm.  The antenna ground plane is 40mm × 20.5mm. The printed monopole 
itself is 2mm × 18mm and it is fed via a 50Ω coplanar waveguide (CPW) line. It is resonant 
at 3.5GHz. The layout schematic and dimensions of the antenna are shown in Fig. 7.1b. This 
antenna has been fabricated and its measured return loss without matching is shown in 
Fig.7.2. There is a small dip in the return loss at 1.35GHz; this can be attributed to the ground 
plane of the antenna being excited. 
 
 
(a) 
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Fig. 7. 2. (a). Fabricated printed monopole and (b). The printed monopole schematic. 
 
Fig. 7. 3.  Measured Antenna return loss. 
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7.3. The 6 GHz Negative Impedance Converter 
As the antenna is designed to resonate beyond the cut-off frequency of the coupled line NIC 
shown in chapter 6, therefore a new set of measurements were carried out with a different 
transistor whose transition frequency is above the frequency of interest of 4GHz. For this, an 
NXP transistor BFR93a with FT of 6GHz was chosen (datasheet in appendix A). Using the 
same design and measurement techniques used in chapter 6, the de-embedded S11 and S22 are 
shown in Fig.7.3. The transistors are biased at 5V and 10mA. The de-embedded measured 
result can be seen to exhibit the expected non-Foster characteristics by the anti-clockwise 
rotation around the Smith chart up to 6GHz which is the cut off frequency of the transistor.  
Fig.7.4 also shows the negative capacitance and inductance obtainable from the 6GHz NIC. It 
can be seen that there is a net negative capacitance between 1GHz – 1.7GHz and between 
3.5GHz – 6GHz. In between these frequency regions, the NIC has a net negative inductance. 
This can also be seen in Fig.7.3, where the locus of S11 and S22 on the Smith chart goes 
between the negative capacitive region into the negative inductive region and back into the 
negative capacitive region. This explains why in Fig.7.4, there is a transition from negative 
capacitance to negative inductance and back to negative capacitance.  
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Fig. 7. 4 . The de-embedded measured S11 and S22 of the 6GHz Coupled line NIC 
 
 
Fig. 7. 5. Measured capacitance and Inductance of the 6GHz coupled line NIC 
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7.4. Antenna matching  
To demonstrate the NIC broadband matching capacity, the planar monopole described above 
was matched with a coupled line NIC in series with the antenna as shown in Fig.7.5. For 
comparison with conventional matching techniques, the reference antenna is also matched 
using a passive matching network consisting of an inductor and a capacitor (Fig. 7.6).  
 
7.4.1. Negative Impedance Converter Matching Network 
The NIC matched antenna is shown in Fig. 7.5a. The coupled line NIC is designed as 
previously shown in chapter 6. The coupled line is 6mm long, the individual conductors are 
2mm wide and the gap between the conductors and between the conductor and ground plane 
is 0.4mm. The NXP BFR93a transistor is used with a FT of 6GHz and it is biased at 5V and 
10mA. The capacitor to invert is 0.1pF and there is 7.5pF DC blocking capacitor between the 
base terminal of the transistor and the coupled line. There is a 50Ω CPW transmission line 
between the ends of the coupled line and the measurement port. The schematic of the coupled 
line matched antenna is shown in Fig. 7.5b which includes the antenna and coupled line NIC 
dimensions.  
The emitter of the transistor is connected to the base of the monopole. The simulated return 
loss is shown in Fig.7.7. The overall NIC matched antenna has a configuration of the antenna 
connected in series with the non-Foster element realised using the coupled line NIC.  
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Fig. 7. 6. (a) The fabricated NIC matched antenna and (b) The layout schematic of the NIC 
matched antenna  
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7.4.2. Passive matching 
In order have a comparison between the performance of the NIC matched antenna and 
alternative means of antenna matching, the reference antenna has been matched passively 
with a matching network comprised of surface mount inductors and capacitors. The matching 
network schematic and the passively matched antenna are shown in Fig.7.6 below. The 
matching network is made up of a series 2.2nH inductor and a shunt 10pF capacitor. The 
simulated return loss of the reference antenna passively matched is shown in Fig.7.7.  
10pF
2.2nH
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 (b) 
Fig. 7. 7. (a) The passive matching network and (b) The layout of the passively matched 
antenna. 
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7.5. Results 
7.5.1. Simulated result 
Fig. 7.7 shows the simulated return loss of the reference antenna (Fig.7.1), the NIC matched 
antenna (Fig.7.5) and the passively matched antenna (Fig.7.6). The reference antenna is 
resonant at 3.6GHz. It has a -10dB or better return loss bandwidth of 0.7GHz between 
3.3GHz and 4GHz. With the NIC matching network, the antenna has a -10dB return loss or 
better bandwidth of 0.6GHz between 2.4GHz and 3GHz. With passive matching however, it 
is possible to match the reference antenna at 2.3GHz with a -10dB bandwidth of 0.2GHz 
between 2.2GHz and 2.4GHz. The NIC matching network has been able to match the antenna 
at a lower frequency when the antenna can be consider electrically small without significant 
loss in -10dB match bandwidth unlike the passive matching network which can only achieve 
very small matched bandwidth. 
As antenna return loss alone is not enough to characterise an antenna, Table 7.1 shows the 
simulated realised gain and antenna efficiency. The dark coloured cells show gain and 
efficiency of each antenna at its resonant frequency. From Table 7.1, it can be seen that the 
NIC is able to provide broadband matching to the antenna and still maintain a good antenna 
gain and efficiency. The NIC matched antenna has a gain-bandwidth product of 3.13dBi 
compared to that of the passively matched antenna which is 1.18dBi. The gain and efficiency 
of the NIC matched antenna is only bettered by the reference antenna within the bandwidths 
where it is matched. The passively matched antenna does improve the antenna’s gain and 
efficiency within the band within which it is matched but as this is only narrowband, the gain 
and efficiency improvements also occur within the narrow bandwidths 
From these results, it is clear that the NIC matching network does provide broadband 
matching of antennas without significant adverse effects on the antenna gain and efficiency.  
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Fig. 7. 8. Simulated Antenna return loss. 
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Table 7. 1. Simulated antenna gain and efficiency. 
Frequency 
(MHz) 
Reference Antenna NIC matched Antenna 
Passively matched 
Antenna 
Gain 
(dBi) 
Efficiency 
(dB) 
Gain 
(dBi) 
Efficiency 
(dB) 
Gain 
(dBi) 
Efficiency 
(dB) 
1800 -9.89 -11.93 -5.35 -7.49 -10.09 -12.12 
2000 -7.19 -9.30 -0.93 -3.50 -3.64 -5.69 
2300 -3.57 -5.91 1.77 -0.98 1.99 -0.2329 
2400 -2.49 -4.93 3.28 -0.23 2.00 -0.33 
2600 -0.65 -3.29 3.71 -0.16 0.83 -1.72 
2800 0.83 -2.07 3.54 -0.05 -0.05 -2.76 
3000 1.91 -1.23 3.62 0.00 -0.46 -3.41 
3200 2.70 -0.67 3.64 -0.01 -1.05 -4.11 
3400 3.24 -0.29 3.50 -0.52 -1.27 -4.40 
3600 3.47 -0.10 3.27 -0.93 -1.82 -5.02 
3800 3.50 -0.16 3.00 -1.26 -1.67 -5.10 
4000 3.16 -0.48 2.77 -1.46 -1.70 -5.17 
4200 3.06 -0.90 2.57 -0.98 -1.47 -4.87 
 
 
7.5.2.  Measured result 
Prototypes of the antennas described in sections 7.2 and 7.4 have been built and measured. 
The measured return loss of these antenna prototypes are shown in Fig.7.8.  
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The reference antenna is well matched between 3.2GHz and 4.2GHz which represents a Q of 
3.7. With the NIC matched antenna, a 10dB return loss or better was obtained between 
1.7GHz to 2.9GHz, which gives a Q of 2. This frequency range allows the antenna to be used 
in GSM 1800, 1900, PCS, UMTS and Wi-Fi devices despite the fact that it was not designed 
to be resonant within these frequency bands. Also there is no need for multiple matching 
networks as would have been required if a passive matching network were to be used to cover 
these frequency bands. Varying the bias condition does not affect the broadband performance 
of the NIC matched antenna but a limited form of frequency tuning can be observed.  
The passively matched antenna however, is able to have a better than 10dB return loss 
between 2584MHz and 2700MHz. This implies a Q of approximately 22. In order to be able 
to cover the broad bandwidths covered with the NIC matching network, multiple matching 
networks would be required and the simplicity of the matching network is lost because of the 
need for switches and its corresponding bias network. The narrow instantaneous bandwidth 
achievable with passive matching also prevents this antenna being used in some 
communication scenarios such as the spectrum sensing antenna in cognitive radio or any 
system that requires wide instantaneous bandwidths. 
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Fig. 7. 9. Measured antenna return loss 
 
7.5.3. Radiation Pattern  
The measured radiation patterns for the NIC matched antenna are shown in Figs. 7.9 and 
those for the reference antenna are shown in Figs 7.10 and 7.11. 
Figure 7.9 shows the radiation patterns of the NIC matched antenna measured at 1.8GHz, 
2.4GHz and 2.8GHz in both the co-polarisation and cross-polarisation. Looking at the XZ (H) 
plane radiation patterns, Figs 7.9 (b),(d) and (f), it is clear that the NIC matched antenna is 
omni-directional which is as expected with a monopole antenna. In the XY (E) plane, Figs. 
7.9 (a), (c) and (e) the expected notches at 90o and 270o in the patterns are also seen. When 
only observing the three principal planes, the maximum gain for the NIC matched antenna is 
in the XZ plane and the same can be observed with the reference antenna. Within the NIC 
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matched antenna patterns, it can be observed that there are gaps and discontinuities within the 
XY plot at 2.4GHz and in the XZ plane at 1.8GHz. These discontinuities are due to the bias 
lines. When the turn-table on which the antenna is mounted is rotated, the DC bias lines to 
the power supply do get rotated and do not always return to the same starting point at the end 
of the 360o rotation. This then leads to different fields around the antenna hence the 
discontinuity in the radiation fields. This absence of absolute control over the position of the 
bias lines contributes to the errors in measurement. In the XY plane, the radiation pattern at 
1.8GHz shows a different pattern when compared to that which is obtained at other frequency 
points. The notches expected at 90o and 270o are not observable, this is because at the lowest 
matched frequency of the antenna, the surface mount components have a greater interaction 
and impact on the antenna behaviour. 
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  (c)                   (d) 
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         (e)                        (f) 
Fig. 7. 10. Measured normalised radiation patterns of the NIC matched antenna at three 
different frequencies: (a) XY (E) plane at 1.8GHz (b) XZ (H) plane at 1.8GHz (c) XY (E) 
plane at 2.4GHz (d) XZ (H) plane at 2.4GHz (e) XY (E) plane at 2.8GHz and (f) XZ (H) 
plane at 2.8GHz 
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For the reference antenna, the patterns were measured at 3GHz, 3.5GHz and 4GHz where the 
antenna is matched. From Fig.7.10, the radiation pattern also exhibits the expected omni-
directional pattern in the XZ plane and the notches associated with monopoles in the XY 
plane at 90o and 270o. Fig.7.11 also shows the radiation patterns of the reference antenna at 
1.8GHz. 2.4GHz and 2.8GHz in order to give some form of bench marker with which the 
radiation patterns of the NIC matched antenna can be compared. At 1.8GHz in the XY plane 
(Fig.7.11a), the expected butterfly pattern typical of monopoles with notches at 90o and 270o 
is not observable. This is similar to what is obtained with the NIC matched antenna.  
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  (c)            (d) 
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         (e)       (f) 
Fig. 7. 11Measured normalised radiation patterns of the reference antenna at three different 
frequencies: (a) XY (E) plane at 3GHz (b) XZ (H) plane at 3GHz (c) XY (E) plane at 3.5GHz 
(d) XZ (H) plane at 3.5GHz (e)XY (E) plane at 4GHz and (f) XZ (H) plane at 4GHz 
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  (e)           (f) 
Fig. 7. 12. Measured normalised radiation patterns of the reference antenna at three different 
frequencies: (a) XY (E) plane at 1.8GHz (b) XZ (H) plane at 1.8GHz (c) XY (E) plane at 
2.4GHz (d) XZ (H) plane at 2.4GHz (e)XY (E) plane at 2.8GHz and (f) XZ (H) plane at 
2.8GHz 
 
 
 
7.5.4. Gain measurement  
The measured gain in the XY plane of the NIC matched antenna, the passively matched 
antenna and the reference antenna are shown in Fig.7.12. The measurement set-up is 
described in the appendix D. From Fig.7.12, it is clear that the NIC improves the gain of the 
antenna within the matched frequency band of 1.7GHz to 2.9GHz and by about 20dB at 
2GHz. After 2.9GHz when the return loss of the antenna is below 10dB, the gain of the NIC 
matched antenna starts to degrade and at 3.3GHz the gain from the reference antenna is 
higher than the NIC matched antenna. The gain-bandwidth product (equation 7.1) of the NIC 
matched antenna at 1dBi is 1 while that of the passively matched antenna is 0.35. This 
represents about a 300% increase with the NIC matched antenna. 
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Gain-bandwidth product =  G × ∆ff0  (7.1) 
 
 
Where G = Gain in linear units (not in dBi) , f0 is the centre frequency and Δf is the 
bandwidth 
The passively matched antenna has a better gain within its matched bandwidth than the 
reference antenna. Outside its matched frequency band, the gain of the passively matched 
antenna drops below what is obtainable with the reference antenna.  
 
 
Fig. 7. 13. Measured gain of the antennas 
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7.6. Conclusion 
In this chapter, a planar monopole has been integrated with a coupled line NIC. With the 
NIC, it was possible to match the antenna below its self resonant frequency. The NIC 
matching provided a wideband antenna between 1.7GHz and 2.9GHz. The NIC matched 
antenna is then compared with when the antenna is matched passively. With the passive 
matching network, it was possible to have a narrowband antenna which was resonant at 
2.6GHz with a matched bandwidth of 0.1GHz. These two results when compared show the 
advantage of using NIC to provide non-Foster matching, as it has the capability to cancel the 
reactance of an antenna over a wider frequency range than when conventional Foster 
matching is done. The gain of the different antennas, the reference antenna, the NIC matched 
antenna and the passively matched antenna have also been compared. With the NIC matched 
antenna, the gain within the matched bandwidth is significantly higher than that of the 
reference antenna over a wide bandwidth with 20dB improvement at 2GHz. This shows that 
the wideband return loss obtained with the NIC is not from losses within the NIC but the 
actual cancellation of the reactance of the antenna within these frequency bands which results 
in a better power transfer. With the passively matched antenna however, the gain of the 
antenna over the reference antenna is only over a relatively narrow bandwidth and outside 
this frequency band, the gain of the passively matched antenna rolls off. The NIC matched 
antenna also shows a better gain-bandwidth product than what is obtainable with passive 
matching. 
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CHAPTER 8 
SYSTEM IMPLEMENTATION OF NEGATIVE IMPEDANCE 
CONVERTER 
8.1.  Background 
This chapter discusses the implication an NIC matching network would have on the RF 
system frontend design. This discussion is based on the measurement results and experiments 
from chapters 3 -7. The Negative Impedance Converter (NIC) has been shown to provide 
broadband matching of antennas. A review of the current RF system frontend shows that 
there is a need for matching networks to be reciprocal in other to utilize the frequency 
division duplex (FDD) on which most systems are based. The two different methods of 
realising NICs; the Linvill’s model and the coupled line NIC, have been discussed in chapters 
3, 4, 5 and 6. From the fabricated prototypes also described in these chapters, S21 and S12 
have been measured. Figs. 8.1 and 8.2 both show that the magnitude and phase plots of the 
NICs and it can be seen that they are reciprocal especially within the frequency bands where 
the non-Foster properties are evident.  Implementing an NIC matched antenna in a practical 
system would however require a change in RF system front-end design. 
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Fig.8. 1. Measured Linvill’s NIC S21 and S12 (chapter 5 - Prototype 2) 
 
 
Fig.8. 2. Measured Coupled line NIC S21 and S12 (chapter 6) 
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The RF front-end of a wideband transceiver is shown in Fig.8.3 and it consists broadly of two 
chains, the Transmission (TX) chain and the Receiver (RX) chain. Both chains however have 
different requirements and characteristics. The TX chain as shown in Fig.8.3 includes a 
power amplifier (PA) and a wideband transmitter. The last system component before the 
antenna is the PA. This means that whatever matching network exists between the PA and the 
antenna matching network should have the capability to handle the high power generated by 
the PA. In the case of a mobile device 1W of output power should be expected. The NIC is 
therefore expected to be able to handle such power. 
 
 
Fig.8. 3. Typical transceiver front-end 
 
In terms of NIC design, this would mean transistors with high power handling capability 
typically about 30dBm at 1dB compression point (P1dB). High power transistors such as 
Avago ATF-511P8 would be able to handle the power requirements within the TX chain but 
it comes with a drawback with a noise figure of 1.4dB which is about a 123% increase in 
Noise factor as against what would be obtained if transistors with lower P1dB were used as in 
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the case of Avago ATF 54143 which has NF of 0.5dB and P1dB of 20.4dBm. Datasheets of 
the two transistors are included in the     appendix A. Transistors with higher noise figures are 
not a major source of concern in the TX chain because the working power levels are 
significantly higher than the noise floor and the extra noise introduced by an NIC designed 
with these transistors would not have a great effect as it would be within the same range the 
noise contribution from the PA. Also Friis formula for noise factor [1] (equation 8.1) shows 
that the dominant noise contributors are the earliest stages in the TX chain. Therefore the 
noise contribution of the NIC in the transmit mode would be minimal when compared to 
earlier stages. 
    =  F1 + ∑ Fi- 1G1G2…….Gn-1ni=2                                                     8.1 
In the RX chain however, the main driver is the need to increase the sensitivity of the 
receiver. Therefore, care is taken to reduce every source of noise. In the RX chain, the signal 
flow is from the antenna to the Low Noise Amplifier (LNA). Any noise introduced by the 
antenna sub-system would be amplified by the LNA. There is therefore the need to ensure 
that the noise contributions from the NIC matched antenna are low. Hence the use of low 
noise transistors. These transistors usually have a lower P1dB.  
Considering the noise factor equation, an NIC matched antenna would be the first sub-system 
in the RX chain therefore the overall noise figure of the system is heavily reliant on the noise 
characteristics of the antenna sub-system. 
These two requirements are almost mutually exclusive; in that medium to high power 
transistors have high noise figures while low noise figure transistors have low power 
handling capability. Therefore there is a need to change from the front-end architecture 
whereby a single antenna is used in both transmit and receive to a different architecture 
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where two different antennas are used or to have an architecture whereby the matching 
networks are designed into the different transmitter and receiver chains and a switch is used 
to connect the antenna to the different matching networks. 
Prior front-end designs, Fig.8.3, used multiple narrow band antennas to cover different 
frequency bands and multiple throw switches are used to connect the antennas to the duplex 
which is in turn connected to the TX and RX chain. Another alternative was to use an 
architecture that employs an Antenna Tuning Unit (ATU) shown in Fig.8.4. The ATU usually 
contains multiple matching networks (MN) which are used to match a single antenna at 
different frequency bands. These matching networks are either tuneable or switchable or a 
combination of both. Inside the ATU would have been an ideal location for the NIC circuit 
but for its inability to simultaneously have high power handling capability and a low noise 
figure. For this reason, an alternative architecture is being suggested.  
 
Fig.8. 4. Transceiver front-end with Antenna tuning unit 
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Fig.8.5 shows a system architecture which provides an opportunity to fit in the NIC matching 
network. It would require the use of two NICs, the TX NIC and the RX NIC. The main 
difference would be in the choice of transistors. These NICs would be designed into the 
different front-end chains and switches would be used to connect the antenna to the different 
front-end chains. 
 
 
Fig.8. 5. Proposed transceiver front-end for NIC based antenna system. 
 
This architecture also raises more concerns, because of the need to have an NIC in the TX 
chain and another in the RX chain, a frequency division duplex system would not be possible 
because a switch is required to connect the two chains to the antenna The need for switching 
limits the system to a time division duplex system only. 
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8.2. Conclusion 
In this chapter, insights into the possible system implementation constraints that may arise 
from the use of NICs have been discussed and possible ways around these constraints have 
also been raised. The need to have different NIC circuitry in the both the TX chain and RX 
chain have been discussed because of the mutually exclusive requirements of high power 
capability and low noise. Typical IDSS of a high power transistor is higher than those with 
lower power requirement. Therefore, to bias these transistor means that higher currents are  
required and this leads to higher noise contribution.  
 
Reference 
[1] H. T. Friis, "Noise Figures of Radio Receivers," Proceedings of the IRE, vol. 32, pp. 
419-422, 1944. 
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CHAPTER 9 
CONCLUSIONS AND FUTURE WORK 
9.1. Conclusions 
This thesis describes research into the use of non-Foster elements in providing broadband 
antenna matching. It shows and explains the use of non-Foster elements in matching 
networks and also shows how these elements can be realised using Negative Impedance 
Converters (NIC). Using the Linvill’s NIC has its own peculiar challenges such as stability 
which was discussed and steps to be taken to achieve stability of NICs were given. Stability 
within the NIC is very important and has limited the top frequency of previous NICs. Other 
important system parameters include linearity and noise which were also quantified.  
An alternative means of realising non-Foster element was also investigated and its results are 
shown and compared favourably with the Linvill’s model. This NIC realised with coupled 
transmission lines was integrated with an antenna. The coupled line NIC matched antenna 
was characterised in terms of return loss and gain. This was compared with matching the 
antenna conventionally through the use of passive matching network. 
From the results obtained, it is clear that NIC based matching networks provide good 
broadband matching. Though by using NICs within a communication system, there are new 
sources of concern like noise and linearity but measurements shows that the NIC 
contributions are all within acceptable limits or similar to contributions from  other RF 
frontend devices. There are positives in terms of gain and antenna efficiency. 
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9.1.1. Potential of broadband antenna matching using Negative Impedance 
Converter 
Chapter 3 discussed the need for non-Foster matching and its use in obtaining wideband 
matching. Non-Foster elements were realised by simulating the Linvill’s NIC schematic. A 
simulated antenna has been matched with both Foster and non-Foster matching networks to 
demonstrate the potential of non-Foster elements and NICs. The use of NIC to achieve non-
Foster elements have also been discussed and demonstrated with simulation. The frequency 
dependence of the inverted impedances using NICs as compared to ideal negative elements 
have also been shown.. Also non-Foster elements realised by NICs have been used to match 
an antenna and the resultant wide bandwidth match is shown. Another application of non-
Foster elements in its use in increasing the tuning range of varactors has been discussed and 
demonstrated. The potential for instability was also pointed out with a matched S11 begin 
greater than 0dB.  
9.1.2.  Stability in Practical NIC Circuit 
Chapter 4 shows the stability analysis on the NIC. The standard K factor and auxiliary B1 
stability factor test performed using AWR did not predict the oscillation that was experienced 
when the NIC circuit was fabricated. This is because these tests are based on measurements 
made from the ports of the circuit; therefore hidden mode oscillations were not detected. 
Because of the inability of the standard test to predict the instability, a new stability analysis 
was derived. This analysis is based on the transfer function of the circuit. It has been possible 
to predict the oscillation frequency to within 16% of the value . The analysis also reveals the 
critical part of the NIC circuit that leads to oscillation, the feedback path between the 
transistors. With a parametric study, it is possible to realise a stable NIC given a fixed 
feedback path length.  
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9.1.3. Realisation of NIC and Antenna Matching  
An NIC based on the Linvill’s schematic with an upper frequency cut-off of 1.5GHz has been 
shown in Chapter 5. The measured NIC has been combined in a simulator with a chassis 
antenna and a wideband performance has been achieved. It also showed a better performance 
than a resistively and lossy matched antenna in terms of antenna efficiency.  An equivalent 
circuit has been built to represent the antenna within a frequency band and with this NIC 
matched equivalent circuit, the noise and linearity performance of the NIC have been 
investigated. It can be seen that the NIC matched antenna shows a Signal to Noise ratio 
advantage when compared with a resistively matched antenna. It terms of linearity, it can also 
be seen that the NIC’s IP3 of 18dBm is within range of commercially available RF front end 
components. In a cascaded system, the overall IP3 is dominated by the later stages, therefore 
the impact of the IP3 of the NIC matched antenna on the overall cascaded system is low.  
 
9.1.4. Coupled line Negative Impedance Converter  
In chapter 6, an alternative means of realising non-Foster elements has been discussed. Its 
noise and linearity performance have been shown. Because it is achievable as a single layer 
PCB, it is easier to fabricate. The use of a single transistor also helps with the stability 
problems typically associated with the Linvill’s model. It is also less complicated and has a 
lower count on the number of elements required. Because there are no stability concerns as 
shown by the stability analysis, it is easier to demonstrate the NIC at even higher frequencies 
when compared with what is obtainable with the Linvill’s model. It does however still have 
considerable losses through the NIC especially at the lower frequencies as can be seen with Q 
factor, although this is better than what is obtainable within this frequency range with the 
Linvill’s model.  
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A comparison between the output spectra when two tones are injected into the different NIC 
architecture is shown in Fig.6.32. It can be seen that the 3rd order inter-modulation products 
from the coupled line NIC are about 20dB lower than those from the Linvill’s NIC. Also 
there is an appreciable reduction in the noise floor of the coupled line NIC. Figure 6.33 shows 
the comparison between the SNR advantage from using the different NIC methods and it is 
clear that though the Linvill NIC performs better at lower frequency, the coupled line NIC 
starts to perform better at about 900MHz and the difference rises to 10dB at 1GHz. There is a 
dip in at 960MHz which is due to the interference from other transmitters (GSM 900) within 
range. 
 
 
9.1.6. Coupled Line NIC matched Antenna 
In chapter 7, a planar monopole has been integrated with a coupled line NIC. With the NIC, it 
was possible to match the antenna below its self resonant frequency of 3.5GHz. The NIC 
matching provided a wideband antenna between 1.7GHz and 2.9GHz. This NIC matched 
antenna is then compared with a passively matched antenna. With the passive matching 
network, it was possible to have a narrowband antenna which was resonant at 2.6GHz with a 
matched bandwidth of 0.1GHz. These two results when compared show the advantage of 
using NIC to provide non-Foster matching as it has the capability to cancel the reactance of 
an antenna of a wider frequency range than when a conventional Foster matching is done. 
There is also the comparison between the gains of the different antennas; the reference 
antenna, the NIC matched antenna and the passively matched antenna. With the NIC matched 
antenna, the gain within the matched bandwidth is significantly higher than that of the 
reference antenna over a wide bandwidth with 20dB improvement at 2GHz. This shows that 
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the wideband return loss obtained with the NIC is not from losses within the NIC but the 
actual cancellation of the reactance of the antenna within these frequency bands. With the 
passively matched antenna however, the gain improvement of the antenna over the reference 
antenna is only over a relatively narrow bandwidth and outside this frequency band, the gain 
of the passively matched antenna rolls off. The NIC matched antenna also shows a better 
gain-bandwidth product than what is obtainable with passive matching. 
 
9.1.7. System Implementation of the Negative Impedance Converter 
In chapter 8, insights into the possible system implementation constraints that may arise from 
the use of NICs have been discussed and possible ways around these constraints have also 
been raised. The need to have different NIC circuitry in the both the TX chain and RX chain 
have been discussed because of the mutually exclusive requirements of high power capability 
and low noise in the different RF frontend chains. 
 
9.2. Future Work 
This work has demonstrated work into NICs. One of the major limitations of the Linvill’s 
NIC is stability which necessitates a stability analysis. From the parametric analysis, it is 
possible to have the Linvill’s NIC working at higher frequency but this would require a 
change in the fabrication method such as the use of MMICs.  
1. The realisation of the Linvill’s NIC on MMIC would not only help increase the 
achievable top frequency but it will also help reduce the loss and the overall size of 
the NIC. 
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2. Size reduction would make it easier to integrate the Linvill NIC into the chassis 
antenna. It would also be possible to achieve multiple NICs and therefore the initial 
matching network proposed for the chassis antenna would be achievable. 
3. Investigate the use of electrically tuneable varactors instead of capacitors within 
NICs. This would give another degree of freedom when matching the antenna and 
also make the NIC based matching network reconfigurable. 
Investigate possibility of making antenna efficiency measurements of NIC matched antennas. 
There are different methods via which antenna efficiency can be measured. The Wheeler cap 
method is the easiest but this method breaks down when elements are integrated onto the 
antenna structure. Alternative methods such as the 3D radiation pattern integration might be 
better suited or other variants of the Wheeler cap measurements could give better results. 
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APPENDIX A 
COMPONENTS DATA SHEETS 
Avago ATF54143 
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Avago ATF 511P8 
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Capacitors – AVX 
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Inductors – Coil craft 
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Resistor – Panasonic 
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Substrate TLY – 5 
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Noise Tube NC 346B 
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 APPENDIX B 
MICROWAVE OFFICE FROM AWR 
Microwave Office RF/microwave design software encompasses all the tools essential for 
high frequency IC, PCB and module design, including: 
• Linear and Non-linear circuit simulators 
• Electromagnetic (EM) analysis tools 
• Integrated schematic and layout 
• Built-in elements s-parameter library 
• Parametric cell libraries with built-in design-rule check (DRC) 
. The version used during this PhD research study was 2010 and 2011. 
 
B. 1. Instruction to use Microwave Office from AWR 
Microwave Office has simple interface. The linear circuit simulator is the main tool used for 
this work. The first step is to set the global project units and parameters from the Options tab, 
Project Option as shown in Fig. B.1. From the new window, it is possible to set the frequency 
range, the frequency step size and the global units. Next is to create a new schematic, from 
the project tab, add schematic as shown in Fig. B.2 
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Fig.B.1 Project Options 
 
Fig. B.2 Schematic test 
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There are additional tools that can be used to help optimise design parameters such as the 
tuner and the optimiser. These tools need setting up and appropriate goals and targets set. The 
location of the tuner and optimiser tools are shown in Fig.B.3. 
 
Fig.B.3 AWR tools: Optimiser and Tuner 
 
AWR design environment also provides access to S- parameter files of components from 
manufacturers as well as providing ideal components. This can be found under the elements 
tab, searches can be done either by type or vendor as shown in Fig.B.4. 
Optimiser Tool 
Tuner Tool 
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Fig.B.4 Manufacturer element’s S - parameters 
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Appendix C 
CST Microwave Studio 
CST Microwave Studio is a three dimensional finite integral full wave simulator. It has a 
frequency domain solver that is fast, accurate and efficient. It offers EM simulations for 
structures with results ranging from S-parameters for simple designs and far-field plots for 
antennas. The versions used for this PhD research are 2009, 2010, 2011 and 2012.   
 
C.1. The Use of CST Microwave Studio 
Within CST there are some templates, as shown in Fig. C.1, that helps specify the basic 
conditions for the simulating antenna and other structures. The specified criteria are the units, 
the background material, the boundary conditions and the mesh sizes. These conditions can 
be changed within the simulator to mean individual demands. 
 
Fig. C.1. CST template  
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CST also offers the simple 3D shapes also referred to as primitives from which other 
complex shapes can be obtained by various Boolean operations like subtract, intersect, trim, 
add and insert. The NIC structures and antenna were formed from these primitives. Fighdhd 
shows the location of these primitives in the CST design screen. From the solve menu, it is 
possible to set the simulation parameters such as the frequency range, background materials 
etc.  
 
Fig. C.2. CST design screen highlighting the primitives and the solve menu 
 
 
 
 
Primitives 
Solve menu 
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Appendix D 
D.1. S Parameters 
S parameters, or scattering parameters [1], are the reflection and transmission coefficients 
between the incident and reflection voltage waves mostly operating at radio frequency and 
microwave frequencies. S parameters change with frequency and each parameter is typically 
characterized by a magnitude and phase.  
 
D.2. Measurement Equipments 
S parameters can be measured using vector network analyzer (VNA), shown in Fig. D.1.  
 
Fig. D. 1. Picture of vector network analyzer 
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The radiation patterns (amplitude and phase), polarization, and gain of antenna, which are 
used to characterize the radiation capabilities of an antenna, are measured using the typical 
instrumentation, shown in Fig. D. 2. Such antenna range instrumentation must be designed to 
cover a wide range of frequency operation band, and it usually can be classified into five 
categories [3] as below: 
1. source antenna and transmitting system 
2. receiving system 
3. positioning system 
4. recording system 
5. data-processing system 
For all the antennas design during this work, their radiation patterns and gain were measured 
inside an anechoic chamber.  
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Fig. D. 2. Block diagrams of typical instrumentations for measuring antenna patterns [2] 
 
D.3. Antenna Parameters 
Directivity 
The directivity of an antenna can be defined as the ration of the radiation intensity of the 
antenna in a given direction to the radiation intensity averaged over all directions [1]. The 
average radiation intensity is equal to the total power radiated by the antenna divided by 4π. 
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Equation D.1 shows the equation for calculating the directivity of a non-isotropic antenna. 
When direction is not specified the maximum directivity implies the direction of maximum 
radiation intensity. 
𝐷 =  𝑈
𝑈0
=  4𝜋𝑈
𝑃𝑟𝑎𝑑
 D.1 
 
𝐷𝑚𝑎𝑥 =  4𝜋𝑈𝑚𝑎𝑥𝑃𝑟𝑎𝑑  D.2 
 
Where D is directivity 
D0 is maximum directivity 
U is the radiation intensity 
Umax is maximum radiation intensity 
U0 is radiation intensity of an isotropic source 
Prad is total radiated power 
 
Gain 
The absolute gain of an antenna is the ratio of the radiation intensity of the antenna in a 
specified direction to the radiation intensity of the antenna if it were isotropic. These can be 
expressed as shown in equation D.3. 
𝐺𝑎𝑖𝑛 = 4𝜋 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟 = 4𝜋 𝑈(𝜃, 𝜑)𝑃𝑖𝑛  D.3 
 
However, the commonly quoted gain is the relative gain, which is also what is quoted within 
this thesis is the ratio of the power gain in a given direction to the power gain of a reference 
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antenna. In doing this measurements / calculations, it is assumed that the power inputs are the 
same for both antennas. The reference antenna is usually an antenna whose gain can be 
calculated or known. For this thesis the reference antenna is the ETS-LINDGREN Quad ridge 
guide antenna with model number 3164-03 and serial number 00062674.. 
However, power in (Pin) in equation D.3 is assumed to be from a lossless isotropic source. 
The radiated power, Prad, can be calculated from the Pin by using equation D.4 
𝑃𝑟𝑎𝑑 =  𝑒𝑐𝑑𝑃𝑖𝑛 D.4 
 
Where, 
Prad is the radiated power 
ecd is the radiation efficiency and  
Pin is the total power in (power into the antenna from an isotropic source) 
 
Antenna Efficiency 
Antenna total efficiency e0 is used to account for the losses through and at the terminals of 
the antenna and also the losses within the antenna structure. These losses can be broadly 
categorised into two 
1. Reflection or mismatch losses and  
2. Material or antenna structural losses  
There total efficiency of an antenna can be written as 
𝑒0 =  𝑒𝑟𝑒𝑐𝑒𝑑 D.5 
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er is the reflection efficiency (mismatch) =  (1 −  |Γ|2) 
ec is the conduction efficiency 
ed is the dielectric efficiency 
 
Usually, ec and ed are combined to represent the antenna radiation efficiency (ecd). 
Therefore antenna total efficiency can be represented as  
Total efficiency = Radiation efficiency × (1 −  |Γ|2) D.6 
 
The radiation efficiency of an antenna can be related to its gain and directivity by equation 
D.7 
𝐺(𝜃, 𝜑) =  𝑒𝑐𝑑𝐷(𝜃, 𝜑) D.7 
 
It should also be noted here that the gain discussed above doesn’t include the loss due to 
mismatch. 
 
D.4.  S-Parameters 
The scattering matrix provides a complete description of the network as seen from its N ports.  
It relates the voltage incident on the ports to those reflected from the ports. Scattering matrix 
parameters are easily measured from a VNA and these parameters can be easily converted 
into other matrix parameters if required. 
�
𝑉−1
⋮
𝑉−𝑁
� = �𝑆11 ⋯ 𝑆1𝑁⋮ ⋱ ⋮
𝑆𝑁1 ⋯ 𝑆𝑁𝑁
� �
𝑉+1
⋮
𝑉+𝑁
� 
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Specific elements with the S matrix can be determined as  
𝑆𝑖𝑗 =  𝑉−𝑖𝑉+𝑗�𝑉𝑘+=0 𝑓𝑜𝑟 𝑘≠𝑗 
 
D.5.  Gain Measurement procedure 
For gain measurements, the following equipment are required within the anechoic chamber 
1. Vector Network Analyser (VNA) 
2. Two wideband antennas working within the same frequency as the Device Under Test 
(DUT) 
Follow the steps below to measure the gain of the DUT 
1. The two wideband antennas are setup at the two ends of the anechoic chamber 
2. The VNA is calibrated to measure S21 and normalise the measurement set up. 
3. One of the wideband antennas is substituted with the DUT and the resultant S21 is 
measured 
4. The measured S21 with the DUT is then added to the gain of the substituted wideband 
antenna to obtain the gain of the antenna. 
5. The difference between the measured S21 of the wideband antenna and the measured 
S21 of the DUT is the gain of the DUT. 
 
In this thesis, the wideband antenna used is the ETS-LINDGREN Quad ridge guide antenna 
with model number 3164-03 and serial number 00062674.  
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APPENDIX E 
MANUFACTURE OF PRINTED CIRCUIT BOARD 
E.1. Printed Circuit Broad (PCB) 
In recent times, printed antennas have attracted increasing interest due to their simple 
manufacture. The most economic way to build a printed circuit broad (PCB) is 
photoengraving, which uses a photo mask and etchant to selectively remove a photo resist 
coating. The remaining photo resist protects the copper foil. Subsequent etching removes the 
unwanted copper. If you are using “Pre Coated FR4” as the PCB material, then you will need 
to create a Photo Positive master. However, if a Duroid is used or a similar uncoated 
substrate, then the process to coat this material is different, in that a “Photo Negative” 
artwork is required and you will need to ensure you design your layout accordingly. 
For multilayer designs like the Linvill’s NIC, each layer is fabricated separately and the via 
holes are made into each layer and these vias connect the two layers together. Fig.E.1 shows 
the top layer layout of the Linvill’s NIC with the location of the vias. The holes are drilled 
into the PCB and rivets 0.8mm diameter are inserted into these holes.
 
A
B
Grounding 
Via
 
Fig.E.1. Via Layout on Linvill NIC 
